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ABSTRACT18
Pyrolysis of hydrazines and their derivatives often results in homolytic cleavage of the N-N19
bonds, but molecular rearrangements and eliminations are also observed in many cases.20
Thermal reactions in solution, in the solid state, and in the gas phase under static, flow, and21
flash vacuum pyrolysis conditions are considered in this review. Arrhenius or Eyring22
activation parameters are reported whenever available, but the original literature should23
always be consulted, as these parameters are often derived under widely different24
experimental conditions. The compound classes investigated include open-chain and cyclic25
hydrazine derivatives and their relationship with azomethine imines, N-amino-heterocycles,26
N-isocyanoamines and N-isocyanatoamines, N-aminocarbodiimides, azines, hydrazones,27
semicarbazides and semicarbazones, hydrazides, aminimides, amidrazones, azimines,28
triazenes, tetrazadienes, pentazadienes and hexazatrienes, and triazines. Understanding of29
reaction mechanisms is emphasized whenever possible. Reactive intermediates involved in30
these pyrolysis reactions include ketenes, ketenimines and other cumulenes, free radicals and31
diradicals, zwitterions, carbenes, nitrenes, nitrile ylides, nitrile imines, arynes and azetes.32
33
Contents34
Page 2 of 41
Ac
ce
pte
d M
an
us
cri
pt
2
1. Introduction35
2. Hydrazines36
3. Cyclic hydrazine derivatives and azomethine imines37
4. N-Amino-heterocycles38
5. Azines39
6. Hydrazones40
7. Isocyanoamines R2N-NC from heterocyclic hydrazones and semicarbazones41
8. N-Isocyanatoamines (amino isocyanates) R2N-N=C=O42
9. N-Aminocarbodiimides R2N-N=C=NR’43
10. Semicarbazides44
11. Hydrazides45
12. Aminimides46
13. Amidrazones47
14. Triazane and triazenes48
15. Tetrazenes, pentazenes and hexazenes49
16. Azimines (azo imides)50
17. 1,2,3-Triazines51
18. Conclusion52
53
Keywords: Aminyls; N-aminoheterocycles; Aminimides; N-isocyanoamines; N-54
isocyanatoamines; Azimines55
56
1. Introduction57
58
Hydrazine and its derivatives are ubiquitous in organic synthesis, in medicinal59
chemistry, and, of course, as rocket fuels. The relatively weak N-N single bond lends itself to60
investigation of thermal rearrangements and fragmentations, and such reactions have indeed61
been investigated for over 125 years. Yet, there has been no comprehensive review dedicated62
to the pyrolysis chemistry of hydrazine and its derivatives since Hurd’s classic 1929 book on63
pyrolysis of carbon compounds[1]. Hurd’s book is a treasure trove of reactions worthy of64
reinvestigation using modern methods, but these reactions will not be repeated in full here. A65
treatise on the chemistry of the hydrazo, azo and azoxy groups[2] includes a chapter on66
thermochemistry of hydrazines[3]. The benzidine rearrangement is usually carried out under67
acid catalysis, but the purely thermal benzidine rearrangement is also known. These reactions68
have been reviewed extensively[4,5,6] and will not be repeated here. A review on short-69
contact time, radical-forming gas-phase pyrolyses, which includes some hydrazine70
derivatives, has been published[7]. We will deal primarily with pyrolysis reactions of71
hydrazine derivatives understood in the widest sense. This will include some triazenes,72
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azimines, and 1,2,3-triazines inasmuch as N-N single bond cleavage is involved, but73
fragmentation of the aromatic pyrazoles[8], triazoles[10] and tetrazoles[10] will be excluded,74
as pyrolyses of these compounds have been described elsewhere. Likewise, azides are75
excluded, as they have been covered recently [10]. The formation of diazoalkanes and hence76
carbenes by thermolysis of salts of tosylhydrazones (Bamford-Stevens reaction)[11] will not77
be covered in detail, as numerous reviews and books are available. It will be mentioned78
briefly in Section 6 together with other pyrolysis reactions of hydrazones. The highly79
interesting thermal chemistry of nitrile imines RCNNR’ will also not be covered here, as80
recent reviews are available[10,12]. Nitrosamines R2N-NO and nitramines R2N-NO2 are81
outside the scope of this review, but it is noted that the environmentally important assay of82
nitrosamines is often performed by pyrolysis-GC-TEA, which involves thermal cleavage to83
aminyl and NO radicals[13]. Nitramines are important explosives of the HMX and RDX84
type, whose decomposition is initiated by homolysis of the weak N-NO2 bonds[14], but85
several other free radical and molecular decompositions, e.g. forming CH2=N-NO2, occur86
too[15,16]. In this review thermal reactions in the condensed phases, in the gas phase, under87
conditions of flash vacuum pyrolysis (FVP), and in shock tubes will be included where88
appropriate.89
90
2. Hydrazines91
92
Hydrazine decomposes at 200-300 oC in a sealed titanium vessel in an apparently93
zero-order reaction as determined using accelerating rate calorimetry, where the overall94
reaction corresponds to N2H4 1/3 N2 + 4/3 NH3[17]. The activation energy for the thermal95
decomposition of hydrazine is not well defined, with values between 7 and 37 kcal mol-196
under conventional conditions having been reported[18,19]. In a shock-tube investigation97
with N2 as the bath gas the reaction rate was determined as k = 1.9 1012exp(-45500/RT) s-1,98
and the rate was dependent on the bath gas. The initiation step was considered to be the99
dissociation into NH2 radicals[20]. The N-N bond dissociation energy (BDE) has been given100
as 65.5 kcal mol-1[19], and the calculated BDE at the G2 level is 64.3 kcal mol-1[21].101
102
In earlier shock-tube experiments at 1100-2000 K the rate and molecularity was found103
to be pressure dependent, but by using hydrazine highly diluted in Ar, essentially first-order104
kinetics were observed. The rate was independent of the hydrazine concentration, but105
dependent on the total pressure of the gas (mainly Ar) with k = 1012 exp(-48000/RT) s -1 at a106
total gas density of 2.5 10-5 mol/cm3, and k = 1012.8 exp(52000/RT) s-1 for 7.5 10-5107
mol/cm3[22,23]. The initial reaction was considered to be N2H4 2 NH2, followed by NH2 +108
N2H4 NH3 + N2H3, N2H3  H + HNNH, 2 NH2 HNNH + H2 , and other reactions. At109
1000 K the ratio of NH3 formed to N2H4 decomposed was ~1, but it decreased to ~0 at 2000110
K.111
112
Decomposition of hydrazine using an adiabatic flow reactor over the temperature113
range 750-1000 K yielded a first order reaction with k = 1010.33 exp(-36170/RT) s-1 with the114
stoichiometry N2H4 0.9 NH3 + 0.5 N2 + 0.6 H2[24]. In the same apparatus methylhydrazine115
and 1,1-dimethylhydrazine also showed first-order kinetics with A-factors of 1013.4 and 109.29116
and activation energies of 47 and 28.8 kcal/mol, respectively. These Arrhenius data indicate117
the presence of a strong compensation effect.118
119
Investigation of the pyrolysis of methylhydrazine using the very low pressure120
pyrolysis (VLPP) technique revealed a molecular decomposition to methanimine CH2=NH121
and NH3[25]. Similarly, 1,1-dimethylhydrazine  N-methylmethanimine CH2=N-CH3 +122
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NH3, 1,2-dimethylhydrazine  CH2=NH + CH3NH2, trimethylhydrazine  CH2=NCH3 +123
CH3NH2, and tetramethylhydrazine  CH2=NCH3 + (CH3)2NH. In addition,124
methylhydrazine also yielded methyldiazene CH3N=NH + H2. These reactions have125
activation energies of 54-63 kcal/mol and A factors of 1013.2-1017.4. In the case of 1,1-126
dimethylhydrazine, homolysis was indicated by the appearance of a peak at m/z 45 ((CH3)2127
NH) in the mass spectrum, which reached maximum intensity at 694 oC. This was explained128
by formation of the aminyl (CH3)2N, which in the lower temperature range abstracted a129
hydrogen atom, but at higher temperatures eliminated a hydrogen atom to for the imine130
CH2=N-CH3. Similar behavior of m/z 45 was observed for tetramethylhydrazine[25].131
132
Pyrolysis of 1,1-dimethylhydrazine in a cylindrical stainless steel reactor at 60 hPa133
with H2 as a carrier gas and mass spectrometric monitoring of the products allowed the134
monitoring of m/z 44 (the base peak in the mass spectrum of (CH3)2NH), whose intensity135
reached a maximum at 515 oC, and the intensity of the NH2 radical (m/z 16) kept increasing136
till 800 oC, when decomposition was complete[26].137
138
The green diphenylaminyl radical Ph2N
.
was identified in 1911 by H. Wieland as the139
product of dissociation of tetraphenylhydrazine, starting at about 90 oC (Scheme 1)[27]. This140
radical disproportionates to diphenylamine and diphenyldihydrophenazine 1; a minor amount141
of o-anilinotriphenylamine was also formed. Wieland also demonstrated disproportionation142
of dialkylaminyls, e.g. diethylaminyl forming diethylamine 2 and ethyl(ethylidene)amine 3143
(Scheme 1)[28].144
145
146
147
The decarboxylation of hydrazoisobutyric acid 4 at 200 oC was reported by148
Thiele and Heuser[29]. The reaction can now be understood to take place via a149
six-membered cyclic transition state affording 2-aminoisobutyric acid 5 and150
acetone imine 6. The latter hydrolyzes to acetone, and the dimethylglycine151
condenses to form tetramethylpiperazine-2,5-dione 7[30] (Scheme 2). Several152
examples of decomposition of hydrazones and hydrazides via six-membered153
cyclic transition states will be described below.154
155
156
157
N-Phenyl-N '-arenesulfonylhydrazines 8 on pyrolysis in solution at ca. 240 °C gave158
arenes, biaryls, carbazoles, aniline, phenylhydrazine, azobenzene, diphenylsulfone, diaryl159
sulfide, and arenesulfonic acid. The results were interpreted in terms of primary homolysis of160
N-N and O2S-N bonds to yield radicals ArNHNH
.
, ArNH
.
, Ar-SO2
.
, and PhSO2NH
.
(Scheme161
3)[31]162
163
164
165
166
Thermal decomposition of the explosive 5,5’-hydrazobistetrazole HN4C-NH-NH-167
CN4H in the solid state has been proposed to proceed via the bis-nitrile imine HC
-N+N-NH-168
NH-NN+C-H[32], i.e. by initial elimination of 4 N2 from the tetrazole units. Subsequent169
decomposition affords N2, NH3 and HCN.170
171
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172
3. Cyclic hydrazine derivatives and azomethine imines173
174
Diaziridines undergo ring opening by cleavage of either the N-N or a C-N bond.175
176
C-N bond cleavage results in a rearrangement to hydrazones or hydrazides. Thus, in 1,2-177
dibenzoyldiaziridines C-N bond cleavage takes place at the melting point or on heating in178
solution to give the correspondingβ,β-dibenzoylhydrazones, RR'C=N-N(COPh)2 (R, R' = H,179
tert-Bu; -(CH2)5-; Me, Me)[33]. The 1-imines of 3-pyrazolones 9 are stable compounds180
thanks to delocalization of the negative charge over the NCO moiety. They cyclize to181
diaziridines 10 on photolysis, but the diaziridines revert to the iminopyrazolinones on heating182
(Scheme 4)[34,35]. 1,5-Diazabicyclo[3.1.0]hexanes 11 rearrange to pyrazolines 12 on183
heating, probably via an azomethine imine intermediate (Scheme 4)[36]. Further examples are shown in184
Scheme 4[37,38]. All these reactions are believed to take place via transient azomethine imine185
intermediates.186
187
188
189
190
In agreement with the reactions described above, pyridine N-imines 13 rearrange191
photochemically but not thermally to diazepines via diaziridinopyridine intermediates 14[39],192
so it appears the imines are thermodynamically more stable than the diaziridines. This is also193
seen in the reactions of a dihydrodiazirino[3,1-a]isoquinoline 16, which is formed194
photochemically from the azomethine imine 15 but reverts thermally to the azomethine imine195
(Scheme 5)[40].196
197
198
199
However, pyrolysis of triphenylpyridinium N-imines 17 at 150-220 oC affords isocyanates (X200
= O) and carbodiimides 18 (X = NR’) in yields of 85-95% (Scheme 6)[41,42]. The starting201
materials can be considered as zwitterionic forms of hydrazides and amidrazones,202
respectively. The reactions are assumed to involve Curtius-type rearrangements of the acyl-203
and imidoylnitrene moieties R-C(X)-N, whereby free nitrenes are probably not involved in204
the thermal reactions[10].205
206
207
208
Diaziridinones 19 and 20 extrude CO with activation energies in the range 25-35209
kcal/mol (Scheme 7)[43]. These reactions are formally cheletropic but may also proceed via210
diradical or zwitterionic intermediates, as shown for the reaction of the diaziridinone 21211
yielding an 2-aryl-2-propyl isocyanate 22 by injection on a gas chromatograph at 300 oC212
(Scheme 7)[44].213
214
215
216
217
Iminodiaziridines 23 undergo thermal interchange of the nitrogen atoms via N-N bond218
cleavage (H* = 27-29 kcal/mol)[45,46]. A trisiminomethane diradical species 24 is assumed219
to be an intermediate (Eq. 1), and such diradicals have been observed by ESR220
spectroscopy[47,48]. At slightly higher temperatures (ca. 150 oC) decomposition to221
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isocyanides R-NC and trans-azo compounds R-N=N-R’ takes place in analogy with the222
diaziridinone reactions described above[48].223
224
225
226
Tetrafluoro-1,2-bis(methoxycarbonyl)-1,2-diazetidine 25 undergoes a [2+2]-227
cycloreversion when passed through a quartz tube filled with pieces of quartz tubing at 600228
oC and 5 hPa pressure. However, the product undergoes a 1,3-shift of a methoxy group to229
produce methoxydifluoromethyl isocyanate 26 in 68% yield on a 54 g scale (Scheme 8)[49].230
231
232
233
Tetrahydro-1,2,4,5-tetrazines 27 undergo a [2+2+2]-cycloreversion with loss of N2234
and cleavage to imines on FVP through a molybdenum tube at 400-500 oC (Eq. 2)[50].235
236
237
4. N-amino-heterocycles238
239
These compounds are hydrazine derivatives. FVP of N-aminopyrroles 28 and 29 and240
N-aminobenzimidazole derivative 30 results in homolysis of the N-N bond and cyclization of241
the resulting N-pyrrolyl and N-benzimidazolyl radicals (Scheme 9)[51].242
243
244
245
246
FVP of N-Aminopyrrole-2,3-diones 31 at and above 400 oC results in extrusion of CO247
to generate hydrazonoylketenes 32, which cyclize to mesoionic pyrazolium olates 33 (these248
can also be formulated as aminimides)[52]. The reaction can also be carried out249
photochemically, which allows the direct IR-spectroscopic observation on the250
hydrazonoylketenes (2115 cm-1 (neat) or 2128-2130 cm-1 in Ar atrix). The same ketene and251
the same products (R = H) were also obtained by pyrolytic elimination of methanol from the252
methyl hydrazonomalonate 35. The mesoionic pyrazoles undergo facile 1,4-methyl shifts at253
500 oC to yield 4.5-dihydropyrazol-5-ones 34, which can exist in three tautomeric forms254
(Scheme 10).255
256
257
258
259
N-Pyrazolylaminomethyleneketenes 37 generated by FVP of Meldrum’s acid260
precursors 36 similarly cyclize to mesoionic pyrazolo[1,2-b]triazinium olates 38 at modest261
temperatures and to pyrazolo[2,3-b]pyridazinones 40 at higher temperatures (Scheme262
11)[51]. This is probably the result of a thermal ring opening of the triazinium olate moiety to263
a ketene 39 followed by recyclization to form the pyrazolopyridazinone 40 (Scheme 11).264
Analogous rearrangements of mesoionic pyrido[1,2-a]pyrimidinium olates have been265
investigated in detail[53].266
267
268
269
270
271
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The aminomethyleneketenes 42 assumed to be formed by elimination of CO2 and272
acetone from the Meldrum’s acid derivatives 41 have not been observed directly, but like273
other aminomethyleneketenes[54] they isomerize to N-aminoimidoylketenes274
(hydrazonylketenes) 43, which exhibit strong absorptions at 2115 cm-1 (neat) in the 77 K IR275
spectra, where they are observable till 140 K on warming (Scheme 11)[55].276
277
5. Azines278
279
Pyrolysis of benzalazine in condensed phase has been reported to yield stilbene,280
phenanthrene, benzonitrile, and several other products presumably in radical chain reactions.281
Cleaner reactions are achieved using FVP at 450 oC/0.05-0.1 hPa, where azines of the type282
ArRC=N-N=CRAr 44 undergo N-N bond cleavage to form iminyls ArRC=N
.
45, which283
afford nitriles ArCN in yields up to 96% as a major reaction (Ar = aryl; R = H, Me, or Et)284
(Eq. 3)[56]. 2-Cyanofuran and 2-cyanothiophen are similarly obtained in 80-90% yields by285
FVP of 2-acetylfuran azine and 2-acetylthiophen azine, whereas the simpler 2-furfuraldehyde286
azine and 2-thiophenaldehyde azine give much lower yields of the nitriles and higher yields287
of 1,2-diarylethenes. Thus, loss of a methyl radical from the putative iminyls formed by288
cleavage of the N-N bond results in better yields of nitriles than does the loss of H. The289
formation of stilbenes and 1,2-diarylethenes was shown to be an intermolecular reaction.290
291
292
The FVP of cyclopentanone azine 46 under the same conditions resulted in formation293
of acrylonitrile 48 and ethene as the major products[57]. This is explained by N-N bond294
cleavage, ring opening of the iminyl radical 47 so formed, and elimination of ethene and H295
(Scheme 12). The formation of several minor products indicated that methyl and ethyl296
radicals were also formed. Similar FVP of cyclohexanone azine also afforded acrylonitrile as297
the major product.298
299
300
301
302
Formation of the same iminyls and fragmentation to acrylonitrile, ethene, and a variety of303
byproducts also resulted from FVP of cycloalkanone oxime esters[58].304
305
6. Hydrazones306
307
The thermal Fischer indole synthesis[59] takes place by heating arylhydrazones of308
ketones or aldehydes to temperatures near 200 oC either neat or in solvents such as diphenyl309
ether, ethylene glycol, diethylene glycol, or tetralin. Some examples are shown in Scheme 13.310
Reviews are available[60,61].311
312
313
314
315
316
Gas-phase decomposition of arylhydrazones 49 by pyrolysis through a packed silica317
tube at 400-800 oC and pressures in the range 10-1 – 10-3 hPa has been reported[62]. The main318
products were always benzonitriles, formed in part via homolysis of the N-N bond, and in319
part in a four-center elimination involving transfer of the group R (R = H, Me, Et, or Ph)320
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from C to N (Scheme 14). Interestingly, Fischer indolization was not reported to take place at321
all under these conditions.322
323
324
325
326
The other product of the N-N homolysis, aniline, was also always present. A pyrolysis327
of benzaldehyde phenylhydrazone (49, R = H) at 250 oC and atmospheric pressure yielded328
benzene, toluene, N-benzylideneaniline and trans-stilbene together with benzonitrile and329
aniline.330
331
Iminyls 52 and 53 formed from mixed hydrazone arylimines of -dicarbonyl332
compounds 50 and 51 interconvert via spiro-cyclization to 54 with the eventual formation of333
quinoxalines 55 (Scheme 15)[7].334
335
336
337
338
Pyrolysis of hydrazones of 2-hydrazino-3-phenylquinoxalines 56 (R = Me or Ph; R’ =339
H or COOH) in the neat state at 200 oC led to the formation of 1,2,4-triazolo[4,3-340
a]quinoxalines 57 (Scheme 16)[63]. Potts reported that this was not a general route to 1,2,4-341
triazoloheterocycles[64], but Al-Awadi found that hydrazones 58 derived from 2-342
pyridylhydrazine underwent analogous formation of 1,2,4-triazolo[4,3-a]pyridine 59 in low343
yields on FVP at 400 oC (~1.3 Pa; contact time ~10-2 s)[65]. Somewhat higher yields of 15-344
20% were obtained on static pyrolysis at 340 oC (15 min). At higher temperatures the yields345
of 59 decreased, and 2-aminopyridine and nitriles ArCN became the major products. A346
thermal isomerization of 59 to 1,2,4-triazolo[2,3-a]pyridines was also reported[65]. It appears347
the success of the cyclization of heteroarylhydrazones to triazoles is highly dependent on the348
pyrolysis conditions.349
350
351
352
Gaber and co-workers have investigated the pyrolysis of N-arylsulfonylhydrazones353
and N-benzoylhydrazones in condensed phase at 200-250 oC (Scheme 17). The N-354
phenylsulfonylhydrazone 60 of benzaldehyde underwent homolysis of N-N and N-SO2 bonds355
to yield a mixture of products similar to those described for 1-phenyl-2-356
phenylsulfonylhydrazine 8 above and including 2-phenylindole and357
tetraphenylthiophene[31]. The latter is probably the result of reaction of stilbene with H2S.358
The arylsulfonylhydrazones of benzoin 61 underwent primarily N-N bond cleavage as well as359
SO2 extrusion yielding a multitude of products, including ammonia, benzoic acid,360
benzophenone, benzil, aniline, diphenyl acetylene, deoxybenzoin, N-benzylbenzamide,361
diphenyldisulfide, diphenylthiosulfone, S-phenylthio-benzoate, benzenesulfonamide, 2-362
phenylindole, 2,3,4,5-tetraphenylfuran, 2,4,5-triphenylimidazole, and 2,4,5-triphenyloxazole363
(Scheme 17). The proposed formation of phenyl radicals was supported by isolation of 1-364
phenylisoquinoline in the presence of isoquinoline[66]. N-Benzoylhydrazones 62 underwent365
similar decomposition with N-N and N-CO homolyses and formation of N-henylbenzalimine,366
benzaldehyde, N-phenylbenzamide, and 2-phenylindole among other products (Scheme367
17)[67]. The formation of 2-phenylindole in all these reactions (but not from 1-phenyl-2-368
phenylsulfonylhydrazine 8) is reminiscent of the thermal Fischer indole synthesis (see369
Scheme 13 above).370
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371
372
373
374
375
Al-Awadi and co-workers have studied the kinetics of pyrolysis of benzaldehyde376
sulfonylhydrazones 63 at 170-205 oC (Scheme 17). When a C-H group is available to377
participate in a six-membered cyclic transition state, unimolecular elimination to give378
cyanoarenes and the corresponding sulfonamides took place with activation energies of 35-40379
kcal/mol[68]. It was found that the corresponding oximes undergo the same type of380
fragmentation (to nitriles and sulfonic acids) ca. 104 times faster[69].381
382
As mentioned in the Introduction, the Bamford-Stevens reaction of salts of383
tosylhydrazones 64 will not be covered in detail here, because it is described thoroughly in384
several books on carbene chemistry and a recent review[11]. The reaction (Scheme 18) is385
usually performed by heating a dry salt (usually sodium or lithium) to around 90-110 oC and386
distilling off the diazo compound so formed in high vacuum. The thermolysis may also be387
carried out in solution, e.g. diglyme. The diazo compounds may be used directly for synthetic388
purposes, and when coupled with FVP, this is an excellent method for generating carbenes389
and studying their thermal rarrangements.390
391
392
393
N-Iminoaziridines 65 (Eschenmoser hydrazones) constitute another very useful class394
of precursors of carbenes, because they decompose to styrene or stilbene and a diazo395
compound both thermally and photochemically (Scheme 19)[70]. The diazo compounds then396
eliminate N2 to generate carbenes, which may rearrange to interesting molecules. For397
example, homocubene 67[71] and heptafulvyne (1,2-didehydroheptafulvene) 69[72] were398
generated by FVP of the homocubanone and benzocyclobutanone derivatives 66 and 68,399
respectively (Scheme 19).400
401
402
403
404
An interesting series of pyrolyses of derivatives of N-amino-2-pyridones has been405
reported. Thus, pyrolysis of the hydrazones 70 at 200-250 oC for 45-60 min resulted in406
formation of benzonitriles in good yields together with 2-hydroxy-4,6-dimethylpyridine 71 (or407
the corresponding 2-pyridones) via a six-membered cyclic transition state (Scheme 20). The408
corresponding imino ethers 72 underwent-elimination with ultimate formation of 1-cyano-409
2-pyridones 73 (Scheme 20), and it was not clear whether the expected cyanates ROCN 74410
were formed too.411
412
413
414
415
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Since alkyl cyanates are unstable compounds, rearranging to isocyanates or416
eliminating HNCO and an alkene (Eq. 4)[73,74], it would be of interest to reinvestigate417
418
the pyrolysis of 72 under FVP conditions with low-temperature isolation of the products in419
order to either confirm or disprove the formation of cyanates.420
421
Heating the 1-acylamino-2-pyridones 75 to 180 oC afforded isocyanates RNCO in422
high yields (Scheme 20)[75].423
424
The cycloeliminations forming 2-hydroxypyridines and RCN, ROCN (if formed) and425
RNCO (Scheme 20) are formally analogous to the formation of 2-iminopyridines 77 and426
ketenes RR’C=C=O 78 on FVP of N-(2-pyridyl)amides 76 (Eq. 5; X = O) at 480-800 oC[76],427
except that the electron flow is in the opposite direction. It would be of interest to investigate428
this reaction for X = S, NR, NNR2, etc, to generate compounds RR’C=C=S, RR’C=C=NR429
and the currently unknown N-aminoketenimines RR’C=C=N-NR2.430
431
A further series of arylhydrazones 79 was found to undergo unimolecular first-order432
fragmentation to benzonitriles at 210-300 oC (sealed tubes, 10 min, Ea = 35-37 kcal/mol, log433
A = 11-13). A good correlation with Hammettvalues of the aryl substituents was observed434
(= 0.83)[77].435
436
437
438
439
In the corresponding hydrazones of 4-amino-3-thioxo-1,2,4-triazin-5-ones 81, H-transfer to440
either O or S could take place (Scheme 22)[78]. The experiments showed that only H-transfer441
to O was occurring (81 82 83).442
443
444
445
SCF calculations confirmed that H-transfer to the oxygen was preferred, which can be446
understood in terms of the aromatic, zwitterionic (betaine) resonance structure 80, which447
places a negative charge on O rather than S. The reactions have activation energies of the448
order of 25 kcal/mol. Several analogous thermolyses of N-arylmethyleneamino derivatives of449
2-pyridone, pyrimidine-2,4-dione, quinazolin-2,4-dione, and 1,2,4-triazino[3,2-b]450
quinazolindione were reported. When for steric reasons the H-transfer can only take place to451
S, then the reaction still occurs with formation of the corresponding thiol 84 (Eq. 6)[79].452
453
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However, in the analogous thermolyses of 4-arylmethyleneamino-1,2,4-triazole-3-ones and454
2-thiones 85 at 200-350 oC, the thiones were ca. 103 times more reactive than the ketones455
(Eq. 7)[80]. Here, a betaine structure is unlikely, and presumably the lower thermodynamic456
stability of the C=S group is the decisive factor.457
458
The same type of six-center cycloelimination reaction was observed in the pyrolysis of459
benzaldehyde (thiophene-2-aldehyde) N-cyanoacetylhydrazones 86 at 250-400 oC, which460
affords ketenes and benzaldehyde (thiophene-2-aldehyde) hydrazones with activation461
energies of 30-40 kcal/mol and log A ~ 11 (Scheme 23)[81].462
463
464
465
Six-center molecular cycloeliminations in N-acyl- and N-thioacylphenylhydrazones 87 at466
300-400 oC (sealed tubes, 6 min) resulting in benzonitriles and benzamides were also467
described (Scheme 24). The sulfur compound was found to be ca. 1400 times more reactive468
than the corresponding carbonyl compounds, and this was ascribed to the weaker C=S double469
bond. The proton transfer to C=Y was considered to play dominant role relative to breaking470
of the N-N bond[82].471
472
473
474
475
476
The Al-Awadi group also reported FVP of phenylhydrazones of propane-1,2,3-trione at 500477
oC/0.03 hPa resulting in decomposition with formation of numerous derivatives of aniline, N-478
formylaniline, N-benzoylaniline, and benzoyl cyanide. Interestingly, the phenylhydrazone of479
2-oxomalonitrile 88 eliminated HCN with formation of dicyanodiphenyltetrazine 90,480
presumably by dimerization of transient C-cyano-N-phenylnitrile imine 89 (Scheme 25)[83].481
Static pyrolysis of the phenylhydrazones of propane-1,2,3-trione 91 at 200-300 oC afforded482
cinnolines 92 (Scheme 25)[84].483
484
485
486
487
488
The synthesis of a different series of benzimidazo[1,2-b]cinnolines 94 in yields489
between 1 and 48% by FVP of hydrazones of 1-acylbenzotriazoles 93 under static conditions490
(900 s, 150-260 oC) has also been described (Scheme 26)[85]. The highest yield (48%) was491
for R = CH3, R’ = OCH3. The measured activation energies were of the order of 35 kcal/mol492
under these conditions. The reaction proceeds via N2 elimination from the benzotriazole493
followed by cyclization of the C=N moiety of the hydrazone onto the radical site of the494
benzene ring to form the benzimidazole unit. The cinnoline ring is formed in a second495
cyclization with loss of H2O.496
497
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498
499
500
Formation N-aminobenzimidazoles 96 and benzimidazoles 97 occurs on FVP at 500501
oC/10-2 hPa of phenylhydrazones of 1-acylbenzotriazoles 95 (Scheme 27)[86]. Again, loss of502
N2 from the benzotriazole is followed by cyclization of the C=N moiety to the benzenoid503
radical site. Presumably N-N bond cleavage occurs in part in 96 under the high temperature504
reaction conditions.505
506
507
508
N-(2-Benzimidoyl)arylhydrazones 98 underwent FVP at 700 oC/~0.03 hPa to yield 2-509
aminobenzimidazoles and benzonitriles in good yields (Scheme 28), possibly in a molecular510
fragmentation forming 2-imino-1,2-dihydrobenzimidazole imitially, but pyrolysis under static511
conditions at ~280 oC revealed the formation of several additional products ascribed to free512
radical processes[87].513
514
515
516
Decarboxylation of pyruvic acid hydrazones 99 takes place on heating in the solid517
state or in solution at 155 oC[88]. Thus, the phenylhydrazone affords the E- and Z-518
phenylhydrazones of acetaldehyde E-100 and Z-100 as well as the bisphenylhydrazone of519
biacetyl 101. Heating the latter to 300 oC causes loss of ammonia and aniline and formation520
of 2-phenyl-4,5-dimethyltriazole 102 (Scheme ). Several other pyruvic acid hydrazones were521
investigated in the same manner.522
523
524
525
526
Dialkyl thiophosphorylated hydrazones 103 yield 3-methylbenzothiazole-2-one azine 104 upon527
thermolysis at 220oC/0.6 hPa, presumably due to N-N bond cleavage and recombination of528
the iminyls (Eq. 8)[89].529
530
531
532
533
7. Isocyanoamines R2N-NC from heterocyclic hydrazones and semicarbazones534
535
4-Hydrazonoisoxazol-5-ones 105 fragment to CO2, a nitrile RCN, and an536
isocyanoamine 106 on FVP at 400-550 oC (10-3-10-2 hPa) (Scheme 30)[90,91]. As is common537
for isocyanides, the isocyanoamines 107 rearrange thermally to cyanamides 108, and under538
FVP conditions they also cyclize to indazoles 109. The cyclization can be formally regarded539
as a result of the carbenic nature of the isocyanide, and the mechanism was supported by540
deuterium labeling experiments[90]. The same products are also obtained on FVP of541
hydrazine derivatives 110 of Meldrum’s acid (5-hydrazono-1,3-dioxane-4,6-diones) at 400-542
520 oC (10-4-10-3 hPa)[92]. The mechanism of fragmentation of isoxazolones[93] and of543
Meldrum’s acid derivatives and the cumulenes derived from them[94] have been reviewed.544
545
While many methyleneketenes, incuding aminomethyleneketenes of the type R2N-546
CR=C=C=O have been isolated from FVP reactions and observed directly at low547
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temperatures[92], the putative intermediates R2N-N=C=C=O were not detectable[92]. This548
can be ascribed to very fast elimination of CO due the fact that they are formally hydrazones549
of the exceedingly unstable molecule O=C=C=O[95].550
551
552
553
554
555
The parent isocyanoamine H2N-NC could not be obtained in the same manner556
because attempts to prepare 4-hydrazonoisoxazolones only resulted in polymerization.557
However, by taking advantage of the fact that semicarbazides eliminate HNCO pyrolytically558
(see Section 10) to generate (transient) hydrazones, isocyanoamine was successfully obtained559
by FVP of the semicarbazone 111 of 3-methylisoxazol-4,5-dione at ca. 350 oC/10-5 hPa560
(Scheme 31) (the dione itself is unstable at room temperature)[96]. Isocyanoamine was561
readily observed by its low-temperature IR spectrum (2162 cm-1 at 77 K) but isomerizes in562
part to cyanamide (2256 cm-1) under these conditions, and the extent of isomerization563
increases with the pyrolysis temperature. The isolated isocyanoamine is observable by IR564
spectroscopy till a temperature of 0 oC. Furthermore, isocyanoamine was characterized565
securely by on-line gas-phase millimeterwave spectroscopy (400 oC/10-2 hPa) by comparison566
with data for the compound prepared from lithium isocyanamide[97].567
568
569
570
571
Similar FVP of the semicarbazone of 3-phenylisoxazole-4,5-dione 112 at first yields572
HNCO and the 4-hydrazono-3-phenylisoxazol-5(4H)-one 113 (observed at 1690 cm-1).573
Elimination of CO2 takes place at 400-600 oC, but benzonitrile is not yet formed; cyclization574
of the putative nitrene intermediate would yield 3-hydrazono-2-phenyl-1-azirine 114 and the575
cumulene H2N-N=C=C=N-Ph (an absorption at 2080 cm-1 may be due to this compound).576
Decomposition of this unstable compound yields isocyanoamine H2N-NC (2163 cm-1) and577
isocyanobenzene Ph-NC (2100 cm-1), which was also observed by GC-MS[98]. Above 500578
oC the isocyanoamine and isocyanobenzene isomerize to cyanamide and benzonitrile579
(Scheme 32).580
581
582
583
584
It is known that N-O bond cleavage in isoxazoles yields diradical or nitrene585
intermediates, which cyclize to azirines[99]. Stepwise decomposition is also known to occur586
in isoxazolones, especially the 3-phenylisoxazolones[100]. Thus, 3-aryl-4-587
[(dimethylamino(alkyl(aryl)amino)methylene]isoxazol-5(4H)-ones 115 yield 3-imino-1-588
azirines 116 and bisiminopropadienes ArN=C=C=C=NR 117 by elimination of589
dimethylamine and CO2 and rearrangement of the putative nitrene intermediate (Scheme590
33)[101]. All the depicted species were characterized spectroscopically.591
592
593
594
The tetrahydrazonocyclobutane 118 prepared by Seitz et al.[102] also yielded isocyanoamine595
(2160 cm-1) as the main product on FVP in the range 640-800 oC[98]. A peak at 1700 cm-1 in596
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the 77 K IR spectrum may be due to trihydrazonocyclopropane 119. A peak at 2077 cm-1 is597
tentatively ascribed to the cumulene H2N-N=C=C=N-NH2 120 (Scheme 34).598
599
600
601
8. N-Isocyanatoamines (aminoisocyanates) R2N-N=C=O602
603
The formation and chemistry of aminoisocyanates has been reviewed[103]. These604
compounds are formally hydrazones of CO2. Aminoisocyanates 122 are generated in a605
Curtius-type rearrangement by FVP of carbamoyl azides R2N-CO-N3 121 (R = Me or Ph) at606
300-400 oC[104], and the unsubstituted aminoisocyanate H2N-NCO 125 was also obtained by607
FVP of methyl carbazate, H2N-NH-COOCH3 124 at 500
oC (Scheme 35)[105]. The608
aminoisocyanates can be isolated and observed by IR spectroscopy at low temperatures but609
dimerize to cyclic aminimides 123 on warming to -50 to -40 oC (Scheme 35)[103,106,107],610
and they easily eliminate CO under the FVP conditions, presumably to generate 1,1-diazenes611
(aminonitrenes), R2N+=N  R2N-N:. This reaction was observed directly in the photolyses612
described below.613
614
615
616
617
When arylcarbamoyl azides are decomposed in solution, i.e. under conditions of long618
contact times, arylaminoisocyanates 126 invariably cyclize to indazolones 127, e.g. in boiling619
xylene (Scheme 35)[108,109].620
621
Carbamoylnitrenes, R2N-CO-N have been observed directly in photolysis reactions in622
Ar matrices[110], where further photolysis caused rearrangement to the aminoisocyanates623
and then loss of CO with formation of 1,1-diazenes (aminonitrenes), R2N+=N-[104,110].624
625
Several potential retro-ene (Scheme 36) and [3,3]-sigmatropic rearrangements of amino626
isocyanates (Scheme 37) have been evaluated computationally[111]. The analogous627
rearrangements of amino isothiocyanates were evaluated in the same way[111].628
629
630
631
632
An N-isocyanatoimine 132 was generated by elimination of guaiacol (o-633
methoxyphenol) in the vacuum distillation of o-methoxyphenyl N-benzylidenecarbazate 131634
at 185-210 oC; a high-melting (268-269 oC), poorly soluble dimer of the isocyanate (probably635
an aminimide) was isolated (Eq. 9)[112,113]. A small amount of benzalazine was also636
formed.637
638
639
The formation of the N-isocyanatobenzophenonimine, Ph2C=N-NCO, by pyrolysis of640
5H-5,5-dimethyl-2-diphenylmethylenehydrazono-1,3,4-oxadiazole in boiling chlorobenzene641
has been postulated, but no direct evidence for the isocyanate was reported[114].642
643
9. N-Aminocarbodiimides R2N-N=C=NR’644
645
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N-Aminocarbodiimides are formally dehydration products of semicarbazides. They646
can be generated by pyrolysis of 5-aminotetrazoles, which are being investigated for their647
potential as explosives and propellants[16]. On flash heating, solid 5-aminotetrazole648
decomposes by two paths, (i) to HN3 and cyanamide H2N-CN, and (ii) to N2 and an649
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intermediate species H3CN3, which is most likely N-aminocarbodiimide H2N-N=C=NH650
[115,116,117]. This compound was identified in matrix photolyses of651
aminotetrazoles[118,119]. Carbodiimides are known to be in thermal equilibrium with652
cyanamides in the gas phase[12]. Therefore, cyanohydrazine H2N-NH-CN may be formed653
and decompose to the final pyrolysis products, HCN, N2 and H2 (Scheme 38).654
655
656
657
658
An alternative synthesis of N1-dimethylamino-N3-tert-octylcarbodiimide has been659
reported[120]. This compound dimerizes slowly at room temperature, but thermal cracking of660
the solid dimer at ~90 oC regenerates the monomer.661
662
10. Semicarbazides663
664
Phenyl semicarbazide, Ph-NH-NH-CO-NH2 135 decomposes at ~180 oC by two665
routes, elimination of HNCO (forming Ph-NH-NH2), and elimination of NH3, presumably666
forming N-isocyanatoaniline, PhNH-NCO 136[1, 121,122]. Reaction of the two products with667
each other explains the formation of diphenylcarbazide, (PhNHNH)2CO. Dimerization of the668
N-isocyanatoaniline yields “diphenylurazine”, which was originally believed to be a669
tetrazine[77], but Lenoir et al. established the correct structure, 1-phenyl-4-anilino-1,3,4-670
triazole-3,5-dione 138 (Scheme 39), which is in agreement with the known dimerization of671
aminoisocyanates to aminimides 137 (Section 8)[123]. Addition of HNCO to the N-672
isocyanatoaniline explains the formation of phenylurazole 139. In analogy with the method673
described above for generation of aminoisocyanate by FVP of methyl carbazate, The674
“diphenylurazine” was also formed by thermolysis of methyl and ethyl N-phenylcarbazates675
140 at 230-240 oC (Scheme 39)[124].676
677
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Thermolysis of semicarbazones in an oil bath at 260 oC yielded benzalazines (Eq
10),
which were assumed to be formed by dimerization of reactive N-isocyanatoimines
followed by cleavage of the dimers[125]. However, the same azines are obtained on
microwave irradiation of either semicarbazones or thiosemicarbazones, and a more
reasonable mechanism involves elimination of HNCO or HNCS, as is common for
(thio)semicarbazides (see Schemes 31, 32 and 39). The resulting hydrazones X-Ar-
CH=N-NH2 are then the source of the azines[126].
1,4-Diarylthiosemicarbazides 141 when heated in a sealed tube at ca. 200 oC gave
benzimidazoles as the major product in addition to the arylisothiocyanate, phenyl
hydrazine and arylcyanamide indicating molecular elimination reactions, whereas aniline
is indicative of N-N homolysis (Scheme 40). 1-Acyl-4-arylthiosemicarbazides 142
afforded 4,5-disubstituted-1,2,4-triazole-3-thiones as the major product (Scheme
40)[127]. It is worth noting that 1-alkyl- and 1-phenyl-3-alkoxythioureas RNH-C(S)-NH-
OR’ undergo two analogous decomposition reactions on FVP at 400-800 oC: (i)
fragmentation to R’O-NCS and RNH2, and (ii) fragmentation to RNCS and R’ONH2. A
third fragmentation to cynamides RNHCN and elemental sulfur takes place in the solid
state already at room temperature[128].
Thermal cyclization of 1,4-disubstituted thiosemicarbazides 143 to thiohydantoins 144
occurs on heating to about 200 oC in the solid state i or on refluxing in DMF solution (153
oC)[130]. Thus, 1-acetyl-4-ethoxycarbonylmethylthiosemicarbazide yields 3-acetamido-
2-thiohydantoin (Eq. 11). The thiosemicarbazide moiety remains intact in these
transformation. The isomeric ethyl 3-methyl-5-thioxy-1,2,4-triazolin-4-yl)acetate as well
as the corresponding acid were obtained in a base-catalyzed reaction when refluxing 143
in sodium ethoxide in ethanol.
11. Hydrazides
Distillation of tetra-acetylhydrazine 145 at 300-350 oC results in elimination of
acetic anhydride and formation of 2,5-dimethyl-1,3,4-oxadiazole 146, possibly mediated
by migration of two acetyl groups from N to O (Scheme)[131]. Similarly, pyrolysis of
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dibenzoylhydrazine 147 at 250-300 oC afforded 2,5-diphenyl-1,3,4-oxadiazole 148
(Scheme 41)[132].
1,3,4-Oxadiazole 151 itself has been obtained in low yield by FVP of the
hydrazide hydrazone 149 at 600-700 oC (Scheme 41)[133]. It is likely that elimination of
EtOH first generates an N-acylnitrile imine 150, which then cyclizes to the oxadiazole.
This is a well-established type of reaction of N-acylnitrile imines [10,134].
Thermolysis of the N-acryloyl, N’-acetohydrazide monomer 152 at 200-600 oC in a
pyroprobe in a stream of N2 with IR and GC-MS analysis of the products was interpreted
in terms of the familiar six-membered cyclic transition state resulting in fragmentation to
acetylene, cyanoacetamide, and NHCO (Eq. 12). The activation parameters were
determined under static conditions (Ea = 32 kcal/mol; log A = 10.8). The polymer of 152
underwent pyrolysis to the same product by depolymerization followed by pyrolysis of
the monomer[135].
N2 elimination from hydrazine derivatives is not common, but such a reaction
takes place in the case of the thermal decomposition of N,N'-diacyl-N,N '-
dalkoxyhydrazines 153, which leads to formation of the corresponding esters and
N2[136,137]. The reaction is stepwise, by elimination of e.g. R1COOR2 to form an
aminonitrene R3CO(R4O)N-N 154 as supported by AM1 calculations of the energy
profile and many subsequent studies (Scheme 42)[138] (aminonitrenes can also be
formulated as 1,1-diazenes RR’N+=N:-). The activation parameters are H* = 27
kcal/mol andS* = 6.2 cal K-1 mol-1[137,138].
This reaction is part of a wider range of reactions involving the formation of
amino- or alkoxynitrenes N-Y 156 (Y = NR2 or OR) from anomeric amides 155, which
takes place readily when the nitrogen atom carries both electron donating and electron-
withdrawing groups. This is known as the HERON reaction (Heterocyclic Rearrangement
On Nitrogen; Scheme 43) and it often takes place already at room temperature. It is
driven by anomeric destabilization of the N-O bond[137,139].
Page 19 of 41
Ac
ce
pte
d M
an
us
cri
pt
19
Chemical evidence for the formation of nitrenes is given by the isolation of a 2-tetrazene
Ph(Me)N-N=N-N(Me)Ph and hyponitrites RO-N=N-OR as dimers of the amino- and
alkoxynitrenes, respectively[138].
Maleic hydrazide (1,2,3,6-tetrahydropyridazine-3,6-dione) has been pyrolysed at
600 °C with formation of acetylene, HNCO, CO2, CO, HCN, NH3 and N2. Extrusion of
HN=NH and formation of a bis-ketene (CH=C=O)2 was proposed, but formation of
ketene CH2=C=O has also been reported[140]. The reaction is in need of reinvestigation
using modern analytical methods for identification of reactive intermediates.
1,3,4-Oxadiazol-5-ones 157 can be regarded as either cyclic hydrazides or cyclic
hydrazones, but their pyrolysis does not result in N-N bond cleavage. They are precursors
of nitrile imines 158 under FVP conditions (Eq. 13)[141].
12. Aminimides
Formation of cyclic aminimides by dimerization of isocyanatoamines was
decribed in Sections 8 and 10. These compounds are derivatives of hydrazides. The
related azomethine imines and pyridine N-imines were described in Section 3, and
pyrazolium olates, which can also be formulated as aminimides, were mentioned in
Scheme 10, Section 4. The reactions forming cyclic aminimides are reversible in many
cases: pyrolysis of N,N-disubstituted aminimides 159 can regenerate the
isocyanatoamines 160, which can then be trapped with other isocyanates. However,
elimination of an alkene (forming 161) or a thermal Stevens-type 1,2-migration of an
alkyl group to form 1,2-disubstituted 1,2,4-triazole-3,5-diones 162 can also take place
(Scheme 44)[142]. The 1,2-migration may involve homolysis of an R-N bond.
More generally, open-chain aminimides of carboxylic and dicarboxylic acids are
readily prepared by quaternization of acid hydrazides. Pyrolysis of these aminimides 163
in the solid state or in solution at temperatures of ~200 oC liberates the amines, usually
trimethylamine, and the isocyanates are obtained in good yields (e.g. 75-80 %) (Scheme
45)[143,144,145,146].
The isocyanate-forming reactions are analogous to the Curtius rearrangement of acyl
azides and probably does not involve free acylnitrenes[10].
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Aminimides derived from amidrazones are described in Section 13.
13. Amidrazones
N1-Acylamidrazones 164 cyclize to 1,3,4-triazoles 165 on pyrolysis at about 200
oC[147]. The pyrolysis of an 1-acetylamidrazone has been used in a synthesis of a 11C-
labeled benzodiazepine 166 (Scheme 46)[148]. Numerous related thermal cyclizations
have been reviewed by Potts[149].
Pyrolysis of an amidrazone carboxylic acid 167 as well as the corresponding
hydrazidine carboxylic acid 168 at 200 oC resulted in decarboxylation, self-condensation,
and formation of 4-amino-1,2,4-triazole 169 in high yield (Scheme 47)[150].
Aminimides 170 derived from amidrazones decompose in refluxing toluene or in
the neat at 120-200 oC with elimination of the amine moiety and formation of 1,2-
dihydro-1,3,5-tiazines 171, which undergo thermal and/or oxidative dehydrogenation to
1,3,5-triazines 172 (Scheme 48). A possible occurrence of a Stevens-type rearrangement
was ruled out[151].
Thermolysis of N3-acylamidrazone imides 173 and N3-thiocarbamoylamidrazone
imides 174 at 165-215 oC resulted in extrusion of trimethylamine and cyclization to 3,5-
disubstituted 1,2,4-oxadiazoles[152] and 1,2,4-thiadiazoles[153] in high yields (Scheme
48).
14. Triazane and triazenes
Triazane H3N-NH-NH3 has been produced by bombardment of ammonia ice with
high energy electrons and has a a lifetime exceeding 6 ± 2 μs at a sublimation
temperature of 170 K[154]. Triazene, HN=NH-NH2, and possibly the higher-energy
isomer azimine (triimide), NH-NH-NH, have also been generated by electron
bombardment of ammonia and nitrogen ices[155]. Calculations indicate that cis- and
trans-triazene and azimine as well as the higher-energy hydrazinonitrene isomer H2N-
NH-N: can interconvert via hydrogen shifts, and decompose to N2 + NH3, H2 + HN3, NH2
+ HN2, among other processes.
Page 21 of 41
Ac
ce
pte
d M
an
us
cri
pt
21
Phenyltriazane, Ph-N=N-NH2, is an unstable compound, decomposing
explosively with formation of aniline and N2; the amino group adds to phenyl isocyanate
to form PhNN-NH-CO-NHPh, which itself decomposes with gas evolution at 141
oC[156] . 3,3-Dialkyltriazenes are reasonably stable compounds. 3-Alkyltriazenes Ar-
N=N-NHR undergo thermal homolysis at 125-135 oC forming ArNH
.
and RNN
.
radicals, i.e. fragmentation occurs in the thermodynamically less stable tautomers ArNH-
N=N-R as demonstrated by CIDNP studies (Ar = p-tolyl; R = Me or PhCH2)[157].
13C-
NMR spectroscopy confirmed a rapid equilibrium between the two tautomeric forms at
room temperature with the more resonance stabilized form 4-MeC6H4N=N-NHR
predominating. One may say that the less stable tautomer is closer to the transition state,
and for rapidly interconverting tautomers, the higher energy one will undergo preferred
fragmentation. Similar results were described in further CIDNP studies[158].
The products of thermolysis (or photolysis) of 1,3-di(p-chlorophenyl)triazenes
175 in benzene were rationalized in terms of cage recombination of radicals, as well as
reaction with solvent upon diffusion out of the solvent cage (Scheme 49)[159].
This reaction scheme was substantiated by 1H-NMR CIDNP studies of 1-
aryl-3-isoxazolyltriazenes 176 (Scheme 50), where, again, it was observed that
the aryl radicals Ar
.
are formed from the thermodynamically least stable triazene
tautomer 177[160].
1,3-Dimethyltriazene CH3-N=N-NH-CH3 decomposes in the gas-phase at 200-
230 oC with an activation energy of ~34 kcal mol-1[161]. Activation energies in the range
of 23-29 kcal/mol have been reported for the decomposition of several aryldiazenes in
solution; electron-withdrawing (nitro) substituents in the phenyl group were found to
retard decomposition[162]. However, DSC measurements on 1-aryl-3,3-dialkyltriazenes
in the solid state yielded a dramatically higher activation energies of 55-75 kcal/mol for
the decomposition. Activation energies for rotation about the N-N bond of 10-12
kcal/mol (G* = 14-15 kcal/mol) indicated a partial 1,3-dipolar structure of the
triazenes[163].
The thermolysis of 1-alkyl-1,3-diaryltriazenes in o-dichlorobenzene leads to
arylation of the solvent by the phenyl radicals, thereby forming 2,3- and 3,4-
dichlorobiphenyls together with the anilines ArNHR. The reaction is assumed to yield
aminyls Ar(R)N
.
and arylazo radicals ArNN
.
initially[164].
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Also 1,3-diaryltriazine 1-oxides of the type Ph-N(O)=N-NH-Ar decompose in
solution with formation of aryl radicals, which can be used to generate biaryls. Ar-NN
.
and PH-N
.
-OH radicals are formed too[165].
Herges, Young and Haley have investigated the cyclization of aryltriazenes at 170-200
oC, where formation of cinnolines 180 is a pericyclic reaction via an azimine 179,
whereas the alternative formation of 2H-indazole derivatives 182 is ascribed to a
coarctate reaction via the carbene 181 (Scheme 51)[166,167]. The two reaction pathways
have almost the same calculated activation barriers, 30-31 kcal/mol, but by replacing the
acetylenic H by COOMe, the coarctate path becomes distinctly preferred by ca. 10
kcal/mol.
Suitably substituted 1-aryltriazenes 183 can cyclize to 1,2,3-triazoles in refluxing ethanol
(Scheme 52). The rearrangement of the initially formed 1-aryltriazoles 184 to 4-
arylaminotriazoles 185 is a Dimroth rearrangement[168,169]; the position of equilibrium
is substituent dependent[170].
The reactions of o-substituted 1-aryltriazenes 186 take a different course. Here,
ethyl 3-(2’-cyanophenyltriazenyl)-benzene-2-carboxylate was found to undergo thermal
cyclization to two isomeric 4-iminobenzo-1,2,3-triazines 187 and 188 upon prolonged
refluxing in ethanol; this reaction too involves a thermal Dimroth rearrangement of an
ethoxycarbonylphenyl group from a ring position to an external imine position (Scheme
53). Finally ring closure to 189 takes place[171,172].
15. Tetrazenes, pentazenes and hexazenes
In most cases, thermolysis of tetrazenes results in homolysis to aminyl radicals
and N2 (Eq. 14). The aminyls may recombine to form hydrazines (Eq. 15), which may
also form directly in a non-radical reaction (Eq. 16). Fragmentation to an azide and an
amine (Eq. 17) is less common[173].
Tetrazene itself, N4H4 has been prepared from the tetrakis(trimethylsilyl)
derivative. Tetrazene decomposes thermally to N2, N2H4, and ammonium azide, NH4
+ N3
-
. In the solid state the decomposition commences already at 0 oC[174].
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The thermal decomposition of tetramethyl- and tetraethyltetrazene in a gas-phase
flow system in the 190-266 oC range yielded activation energies of 33-36 kcal/mol (log A
~ 14). The reactions were interpreted in terms of formation of N2 and dialkylamino
radicals, which may either dimerize or disproportionate[175] (cf. Scheme 1). 1,4-
Dimethyl-1,4-diphenyl-2-tetrazene undergoes extrusion of N2 and formation of aminyls
Me(Ph)N
.
both thermally and photochemically, and the aminyls recombine to form the
corresponding hydrazine, Me(Ph)N-N(Ph)Me as well as N-methylaniline. This hydrazine
undergoes partial decomposition to the aminyls again on distillation, thus yielding N-
methylaniline by hydrogen abstraction[176].
The dialkylamino radicals, formed either thermally or photochemically in
solution, can be used as initiators for radical polymerization[177] The reaction of the
dimethylamino radical with toluene and substituted toluenes yielded a Hammettvalue
of -1.08 for the abstraction reaction giving R2NH and a deuterium isotope effect of 4.0.
The rate of the thermal decomposition of tetramethyl-2-tetrazene (TMT) in benzene
solution at 126-142 oC were of the order 10-5-10-4 s-1 with an approximate energy of
activation of 45 kcal/mol – rather high compared with the gas-phase values given above.
Importantly, however, at concentrations of TMT greater than 0.2 M, induced
decomposition of the tetrazene becomes important[178]. A much more believable
activation enthalpy of 28 kcal/mol andS* = 3.2 cal K-1 mol-1 in cumene were measured
for 1,4-bis(4-ethyoxycarbonyl-2-methylphenyl)-2-tetrazene. It was concluded in this
work that the homolysis requires a conformational change moving the amine lone pair
out of conjugation with the aromatic substituent[179].
The FVP reactions of tetrazenes (e.g. 190 and 191) in the 600-1000 oC range was
investigated with photoelectron spectroscopic product analysis. Products of formal
disproportionation (amine and imine) or loss of an alkyl radical from an aminyl radical
were formed (Scheme 54); the methyl radical was detected directly, but the aminyls were
not[180].
1,3-Bis(trimethylsilyl)-tetrazene 192 has been prepared and compared with the
corresponding N-(trimethylsilyloxy)triazene 193 and the N,N’-
bis(trimethylsilyloxy)diazene 194 (this compound may also be called bis(trimethylsilyl)
hyponitrite) (Scheme 55). The tetrazene decomposes with a half-life of 1 h at 190 oC, the
triazene with a half-life of 1h at 65 oC, and the diazene with a half-life of ca. 3 h at 90 oC.
The tetrazene yields N2 and the amine (Me3Si)2NH, presumably due to H-abstraction by
the aminyl radical, the triazene yields the azide Me3SiN3 + (Me3Si)2O, and the diazene
yields Me3SiOH + N2[181].
Page 24 of 41
Ac
ce
pte
d M
an
us
cri
pt
24
“Tetrazene” (Teracene) (Fig. 1) is a primary explosive with an ignition
temperature of ca. 140 °C containing a tetrazene as well as tetrazole and guanidine
moieties. DSC and TG analysis of the solid state decomposition yielded an activation
energy of ~44 kcal/mol and log A (s-1) ~ 26[182].
Pentazadienes and hexazadienes are remarkably stable thermally, usually
decomposing between 100 and 200 oC. Z-E isomerization of 1,5-diarylpentazadienes 195
has been observed prior to decomposition to aryl and triazenyl radicals (Scheme
56)[183,184].
The triazenyl radicals ArN3R may react further to form diaryltriazenes ArN=N-
NRAr or ArN=N-NHR or, when R = H, aryl azides ArN3[185,186]. Aryl cation radicals
are the base peaks in mass spectra of 1,5-diarylpentazadienes and 1-aryltriazenes[187],
and due to their photosensitivity, pentazadienes are used as photoinitiators for
polymerization[188,189].
1,6-diarylhexazadienes 196 react analogously (Scheme 57)[190]. Initial
homolysis followed by N2 elimination yields aryl radicals Ar. , which arylate benzene and
other aromatics. The tetrazenyl radicals eventually yield hydrazines and azo compounds.
The decomposition of the diarylhexazadiene 196 (Ar = p-ClC6H4) was carried out in a
variety of solvents between 80 and 190 oC; it had a half-life of ~6.4 h in refluxing
benzene.
16. Azimines (azo imides)
Azimines (IUPAC name: azo imides) are the azo analogs of azomethine imines,
or the imine analogs of azoxy compounds.
Heating of benzocinnoline N-imide 197 at reflux in peroxide-free bis(2-
methoxyethyl) ether afforded a trace of benzocinnoline 198 and a 95% yield of carbazole
199a[191]. The benzocinnoline N-acylimides 200 yielded 16-21% of benzocinnoline 198
and 52-60% of N-acylcarbazoles 199b on reflux in 1,2,4-trichlorobenzene[191]. The N-
imidoylazimines 201 afforded benzonitrile and benzocinnoline N-arylimides 203 in
yields of 33-84% on pyrolysis in the melt or in 1,2,4-trichlorobenzene, which can be
understood in terms of 1,5-electocyclization to 202 followed by 1,3-dipolar
cycloreversion (Scheme 58)[172].
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Reaction of phthalimidonitrene 204 (generated by oxidation of N-
aminophthalimide) adds to azobenzene to form the well-characterized azimine 205
(Scheme 59). Thermolysis of this compound in chloroform at 60 oC resulted in loss of N2
and formation of N,N-diphenylphthalazine-1,4-dione 208. A 15N labeling experiment
demonstrated that the eliminated N2 came from the phthalimidoylnitrene moiety. Two
potential mechanisms were proposed:
(a) Reversion of the azimine to the nitrene and azobenzene, extrusion of N2 from the
nitrene, and cycloaddition of cyclohexadienebisketene 206a to the azobenzene; and (b)
rearrangement of the azimine to an eight-membered ring 207 followed by extrusion of
N2[193,194]. However, the bis-ketene 206a is known to ring-close to
benzocyclobutenedione 206b already at 120-140 K[195] in a highly exothermic reaction
(by about 30 kcal/mol[196]), so the equilibrium concentration of 206a would be
exceedingly low at 60 oC (K~10-20), and in fact 206b did not react with azobenzene in the
dark (but it does so photochemically, by reversion to 206a[193]). These observations
favor pathway (b) via the tetrazocine 207, but further investigation of the reaction
mechanism is desirable. A summary of the chemistry of phthalimidoylnitrene, azimines
and azo-aziridines is available[197].
17. 1,2,3-Triazines
The pyrolysis of these compounds is included inasmuch as they can be regarded
as cyclic triazenes. The elimination of N2 from 1,2,3-triazines involves the initial
cleavage of an N-N bond. Azetes (azacyclobutadienes) 210 can be prepared by FVP of
1,2,3-triazines 209. Thus, elimination of N2 from the 4,5,6-triamino-1,2,3-triazine
derivative by pyrolysis through a quartz tube packed with quartz wool at 527 oC/10-4 hPa
affords the red triaminoazete, which is stable for some time at room temperature (Eq.
18)[198,199].
Rees and co-workers showed that benzotriazines 211 decompose in the
temperature range 400-500 °C in a closed systems at ca. 10-2 hPa to give good yields of
biphenylene[200,201]. Using the same precursor and a gas-phase laser pyrolysis system
employing a CO2 laser, Werstiuk achieved the sequential characterization of benzazetes
212 (R = H or CH3) and benzyne 213 with ionization energies of 8.8 and 9.7 eV,
respectively[202]. A short path of ~1 cm between the pyrolyzing laser beam and the
ionizing beam was essential in order to minimize dimerization to biphenylene (Scheme
60). This was an important experiment because the pyrolytic formation and spectroscopic
characterization of benzyne have been mired in confusion and misinterpretation[203]. A
compilation of references to reviews on benzynes has been published[204].
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The orange naphtho[2,3-b]azete 214 is stable at room temperature, and the N-
adamantylbenzazetone 216 was isolated in 80% yield following pyrolysis of the
triazinone precursor 215 at 600 oC (Scheme 61)[205]. Azet-2-ones (azetin-2-ones)
interconvert with the isomeric, ring-opened imidoylketenes under FVP conditions[206].
Azete formation is avoided when other cyclization routes are available, e.g. as
shown in Scheme 62[205,207].
FVP of the pyridazino[4,5-d]triazine 217 at 420 oC/ 0.01 hPa afforded the imine 218 in
17% yield following loss of one molecule of N2, and diphenyldiacetylene in 54% yield,
presumably by loss of a second molecule of N2 from 4,5-didehydro-3,6-
diphenylpyridazine219 (Scheme 63)[208].
FVP of 1-acylnaphtho[1,8-de]triazines 220 at 500 oC result in N2 loss and
recyclization of the N-acyldiradical so formed to naphthoxazine derivatives 221 in yields
of 48-65% (Scheme 64)[209].
Analogous reactions of 1-amido- and 1-thioamido-derivatives 222 of the naphthotriazine
to form naphtho[1,8-de]pyrimidine-2-ones (223, X = O) and 2-thiones (223, X = S) using
either static pyrolysis or microwave irradiation were reported (Scheme 64)[210].
18. Conclusion and outlook
Hydrazine and its derivatives are well established reagents in organic chemistry,
and many important reactions are in fact pyrolysis reactions broadly defined – ranging
from simple refluxing in a suitable solvent to thermal decomposition in the solid state or
flash vacuum pyrolysis (FVP). Many classes of compounds not easily obtained in other
ways are formed from them or are themselves hydrazine derivatives, e.g.
isocyanoamines, isocyanatoamines, aminimines, azomethine imines, azimines, and oligo-
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azenes. Amino- and hydrazinoketenes, free radicals, diradicals, carbenes, nitrenes, nitrile
ylides, nitrile imines, azetes and (hetero)arynes are just a few of the types of reactive
intermediates involved in reactions described here. The FVP method makes it possible to
isolate and investigate reactive intermediates and unstable products, especially when
coupled with low temperature spectroscopy, and thus it offers much potential for the
investigation of reaction mechanism. Many reactions described in this review would
benefit from reinvestigation by FVP in conjunction with modern spectroscopic
techniques.
Acknowledgements
The research carried out in the Wentrup group was supported by the Australian
Research Council (DP0770863), the Deutsche Forschungsgemeinschaft (We774/4A), and
the Queensland Cyber Infrastructure Foundation (QCIF g01). We are indebted to the
students and co-workers who participated in our own investigations.
References
[1] C. D. Hurd, The Pyrolysis of Carbon Compounds, Chemical Catalog
Company, Inc., New York, NY, 1929.
[2] The Chemistry of the Hydrazo, Azo and Azoxy Groups, S. Patai, Ed., Wiley-
Interscience, London, 1975.
[3] R. Shaw, Thermochemistry of hydrazo, azo and azoxy groups, in The
Chemistry of the Hydrazo, Azo and Azoxy Groups, S. Patai, Ed., Wiley-Interscience,
London, 1975, Part 1, p 53-68.
[4] R. A. Cox, E. Buncel, Rearrangements of hydrazo, azoxy and azo compounds,
in The Chemistry of the Hydrazo, Azo and Azoxy Groups, S. Patai, Ed., Wiley-
Interscience, London, 1975, Part 2, p 775-860.
[5] G. Koga, N. Koga, J.-P. Anselme, Radical reactions of azo, hydrazo and azoxy
compounds, in The Chemistry of the Hydrazo, Azo and Azoxy Groups, S. Patai, Ed.,
Wiley-Interscience, London, 1975, Part 2, p 861-934.
[6] H. J. Shine, Reflections of the-complex theory of benzidine rearrangements,
J. Phys. Org. Chem. 2 (1989) 491-506.
[7] J. I. G. Cadogan, C. L. Hickson, H. McNab, Short contact time reactions of
large organic free radicals, Tetrahedron 42 (1986) 2135-2165.
[8] G. I. Yranzo, E. L. Moyano, Flash vacuum pyrolysis of isoxazoles, pyrazoles
and related compounds, Curr. Org. Chem. 8 (2004) 1071-1088.
[9] G. I. Yranzo, J. Elguero, R. Flammang, C. Wentrup, Formation of cumulenes,
triple-bonded, and related compounds by flash vacuum thermolysis of five-membered
heterocycles, Eur. J. Org. Chem. (2001) 2209-2220.
[10] C. Wentrup, Flash vacuum pyrolysis of azides, triazoles and tetrazoles,
Chem. Rev. 117 (2017) DOI 10.1021/acs.chemrev.6b00738.
[11] J. R. Fulton, V. K. Aggarwal, J. de Vicente, The use of tosylhydrazone salts
as a safe alternative for handling diazo compounds and their applications in organic
synthesis, Eur. J. Org. Chem. (2005) 1479-1492.
[12] D. Bégué, G. G. Qiao, C. Wentrup, Nitrile Imines: Matrix isolation, IR
Page 28 of 41
Ac
ce
pte
d M
an
us
cri
pt
28
spectra, structures, and rearrangement to carbodiimides, J. Am. Chem. Soc. 134 (2012)
5339-5350
[13] Chromatographic Analysis of the Environment, L.M.L. Nollet, Ed., Third
Edition, Taylor and Francis, Boca Rarton, FL, USA, 2005.
[14] F. Wang, G. Wang, H. Du, J. Zhang, X. Gong, Theoretical studies on the
heats of formation, detonation properties and pyrolysis mechanisms of energetic cyclic
nitramines, J. Phys. Chem. A 115 (2011) 13858-13864.
[15] Chemistry and Physics of Energetic Materials, S.N. Bulusu, Ed., Kluwer,
Dordrecht, 1989.
[16] Overviews of Recent Research on Energetic Materials, R. W. Shaw, T. B
Brill, D. L. Thompson, Eds., World Scientific, Singapore, 2005.
[17] R. C. Wedlich and D. D. Davis, Non-isothermal kinetics of hydrazine
decomposition. Thermochim. Acta, 171 (1990) 1-13.
[18] S. Stein, S. W. Benson, D. M. Golden, Very low-pressure pyrolysis (VLPP)
of hydrazine, and formic acid on fused silica, J. Catal. 44 (1976) 429-438.
[19] D. F. McMillen and D. M. Golden, Hydrocarbon bond dissociation energies,
Annu. Rev. Phys. Chem. 33 (1982) 493-532.
[20] C. Helet-Augier, G. Dupre, C. E. Paillard, Thermal decomposition of gaseous
hydrazine behind a reflected shock wave, Proceedings of the 20th International
Symposium on Shock Waves, Pasadena, California, USA (1995) 893-898.
[21] H. B Schlegel, A. Skancke, Thermochemistry, energy comparisons, and
conformational analysis of hydrazine, triazane, and triaminoammonia, J. Am. Chem. Soc.
115 (1993) 7465-7471.
[22] K. W. Michel, Thermal decomposition of hydrazine, Angew.Chem., Int. Ed.
Engl. 4 (1964) 369.
[23] K. W. Michel, H. G. Wagner, The pyrolysis of hydrazine behind reflected
shock waves, Tenth Synposium (International) on Combustion (1965) 353-364.
[24] I. J. Eberstein, I. Glassman, The gas-phase decomposition of hydrazine and
its methyl derivatives, Tenth Synposium (International) on Combustion (1965) 365-374.
[25] D. M. Golden, R. K. Solly, N. A. Gac, S. W. Benson, Very low-pressure
pyrolysis. VII. The decomposition of methylhydrazine, 1,1-dimethylhydrazine, 1,2-
dimethylhydrazine, and tetramethylhydrazine. Concerted deamination and
dehydrogenation of methylhydrazine, Int. J. Chem. Kinet. 4 (1972) 433-448.
[26] E. Bourret-Courchesne, Q. Ye, D. W. Peters, J. Arnold, M. Ahmed, S. J. C.
Irvine, R. Kanjolia, L. M. Smith, S. A. Rushworth, Pyrolysis of dimethylhydrazine and its
co-pyrolysis with triethylgallim, J. Crystal Growth 217 (2000) 47-54.
[27] H. Wieland, Tetraphenylhydrazin und Hexaphenyläthan, Justus Liebigs Ann.
Chem. 381 (1911) 200-216.
[28] H. Wieland, Weitere Untersuchungen über ditertiäre Hydrazine und über den
zweiwertigen Stickstoff, Justus Liebigs Ann. Chem. 392 (1912) 127-133.
[29] J. Thiele, K. Heuser, Ueber Hydrazinderivate der Isobuttersäure, Justus
Liebigs Ann. Chem. 290 (1896) 1-43.
[30] S. Gabriel, Zur Kenntnis der -Aminoketone, Ber. deut. Chem. Ges. 44
(1911) 57-69.
[31] A. M. Gaber, A. A. Atalla, A. M. K. El-Dean, Molecular rearrangement of
sulfur compounds (VII). Pyrolysis of arenesulfonylhydrazine derivatives. Phosphorus,
Page 29 of 41
Ac
ce
pte
d M
an
us
cri
pt
29
Sulfur, and Silicon and the Related Elements, 112 (1996) 131-136.
[32] T. M. Klapötke, C. M. Sabaté, Bistetrazoles: Nitrogen-rich, high-performing,
insensitive energetic compounds, Chem. Mater. 20 (2008) 3629–3637.
[33] E. Schmitz, D. Habisch, C. Gruendemann, Diaziridines. VIII. Diaziridine-
hydrazone rearrangement of acylated diaziridines, Chem. Ber. 100 (1967) 142-147.
[34] G. Geissler, I. Menz, K. Ankermüller, C. Tomaschewski, Azomethinimine.
VI. Zum thermischen Verhalten des Photochromiesystems Azomethinimin/Diaziridin,
untersucht an Pyrazolidon-(3)-azomethiniminen und deren Photoprodukten, J. Prakt.
Chem. 325 (1983) 197-204.
[35] D. Geissler, W. Furts, B. Krüger, G. Tomaschewski, Azomethinimine. VI.
Zum thermischen Verhalten des Photochromiesystems Azomethinimin/Diaziridin,
untersucht an Pyrazolidon-(3)-azomethiniminen und deren Photoprodukten, J. Prakt.
Chem. 325 (1983) 205-210.
[36] V. V. Trofimov, Yu. B. Koptelov, A. P. Molchanov, R. R. Kostikov,
Thermal behavior of bicyclic diaziridines, Zhur. Org. Khim. 30 (1994) 1389-90.
[37] H. W. Heine, L. M. Baclawski, S. M. Bonser, G. D. Wachob, Diaziridines. 5.
Reaction of Some 1-Aroyl- and 1,2-Diacyldiaziridines, J Org. Chem. 41 (1976) 3229-
3232.
[38] M. Kamuf, F. Rominger, O. Trapp, Investigation of the rearrangement in
alkyl-bridged bis(carbamoyldiaziridine) derivatives, Eur. J. Org Chem. (2012) 4733-
4739.
[39] N. R. Ayyangar, R. B. Bambal, K. V. Srinivasan, Azides. Part VII.
Thermolysis of p- toluenesulfonyl azide and ethyl azidoformate in pyridine and its
derivatives; evidence for an electronic equilibrium for N-iminopyridinium ylides, Indian
J. Chem., Section B: Organic Chemistry Including Medicinal Chemistry 26B (1987) 36-
40.
[40] G. Tomaschewski, U. Klein, D. Geißler, Photoinduzerte Bildung von 8bH-
3,4-Dihydro-1-(4-methylphenyl)-diazirino[3,1-a]isochinolin, Tetrahedron Lett. 21 (1980)
4877-4978.
[41] J. B Bapat, R. J. Blade, A. J. Boulton, J. Epsztajn, A. R. Katritzky, J. Lewis,
P. Molina-Buendia, P.-L. Nie, C. A. Ramsden, Pyridines as leaving groups in synthetic
transformations: Nucleophilic displacements of amino groups, and novel preparations of
nitriles and isocyanates, Tetrahedron Lett. 17 (1976) 2691-2694.
[42] A. R. Katritzky, P.-L. Nie, A. Dondoni, D. Tassi, Heterocycles in organic
synthesis. Part 24. A new synthesis of NN'- diarylcarbodi-imides, J. Chem. Soc., Perkin
Trans. 1 (1979) 1961-1963.
[43] C. A. Renner, F. D. Greene, Diaziridinones (2,3-diazacyclopropanones). A
cis-fused example. Lone pair-lone pair destabilization. J. Org. Chem. 41 (1976) 2813-
2819.
[44] P. E. McGann, J. T. Groves, F. D. Greene, Diaziridinones (2,3-
diazacyclopropanones). Structure (X ray). Thermal decomposition via a nitrenoid
fragment. J. Org. Chem. 43 (1978) 922-925.
[45] H. Quast, E. Schmitt, Reversible valence isomerization of aziridine imines,
Angew. Chem., Int. Ed. Engl. 8 (1969) 449-450.
[46] H. Quast, E. Schmitt, Reversible valence isomerization of aziridine imines,
Chem. Ber. 103 (1970) 1234-1249
Page 30 of 41
Ac
ce
pte
d M
an
us
cri
pt
30
[47] H. Quast, L. Bieber, W. C. Danen, Tris(imino)methanes.An Electron Spin
Resonance Identification of Nitrogen Analogues of Trimethylenemethane, J. Am. Chem.
Soc. 100 (1978) 1306-1307.
[48] H. Quast, W. Nüdling, G. Klemm, A. Kirschfeld, P. Neuhaus, W. Sander, D.
A. Hrovat, W. Thatcher-Borden, A perimidine-derived non-Kekulé triplet diradical, J.
Org. Chem. 73 (2008) 4956-4961.
[49] J. C. Kauer, A. K. Schneider, Methoxydifluoromethyl Isocyanate by Thermal
Cleavage of a Diazetidine, J. Am. Chem. Soc. 82 (1960) 852-853.
[50] H. M. Muchall, P. Rademacher, Photoelectron spectroscopic and
computational study of the thermolysis of 1,2,3,6-tetrahydro-1,2,4,5-tetrazines, J. Mol.
Struct. 471 (1998) 189-194.
[51] R. A. Aitken, Y. Boubalouta, Recent advances in the synthesis of
heterocyclic compounds using flash vacuum pyrolysis, Adv. Heterocycl. Chem. 115
(2015) 93-150
[52] S. Ebner, B. Wallfisch, J. Andraos, I. Aitbaev, M. Kiselewsky, P. V.
Bernhardt, G. Kollenz, C. Wentrup, N-Aminopyrroledione–hydrazonoketene–pyrazolium
oxide–pyrazolone rearrangements and pyrazolone tautomerism, Org. Biomol. Chem. 1
(2003) 2550-2555.
[53] H. G. Andersen, U. Mitschke, C. Wentrup, Ketenes and mesoions.
Interconversion of mesoionic pyridopyrimidinium olates and pyridopyrimidinones. (2-
Pyridyl)iminopropadienone. Part 2. J. Chem. Soc. Perkin Trans 2 (2001) 602-607.
[54] C. Wentrup, H. Briehl, P. Lorencak, U. J. Vogelbacher, H.-W. Winter, A.
Maquestiau, R. Flammang, Primary ethynamines (H-CC-NH2, Ph-CC-NH2),
Aminopropadienone (H2N-CH=C=C=O) and imidoylketene (HN=CH-CH=C=O).
Preparation and identification of molecules of cosmochemical interest, J. Am. Chem.
Soc. 110 (1988) 1337-1343.
[55] A. Lukosch, Beiträge zum Studium der Carben- und Nitren-Umlagerungen,
Diploma Thesis, University of Marburg, Marburg, Germany 1985.
[56] K. J. Bird, A. W. K. Chan, W. D. Crow, Iminyl radicals in gas-phase
synthesis. I Generation of nitriles by pyrolysis of aryl azines, Aust. J. Chem. 29 (1976)
2281-2287.
[57] W. D. Crow, A. N. Khan, Iminyl radicals in gas-phase synthesis. II
Formation of -branched nitriles from cycloalkanone azines, Aust. J. Chem. 29 (1976)
2289-2297.
[58] W. D. Crow, M. McNab, J. M. Philip, Iminyl radicals in gas-phase synthesis.
III. Synthesis of a terminally unsaturated nitrile, Aust. J. Chem. 29 (1976) 2299-2306.
[59] J. T. Fitzpatrick, R. D. Hiser, Noncatalytic Fischer indole synthesis, J. Org.
Chem. 22 (1957) 1703-1704.
[60] B. Robinson, The Fischer indole synthesis, Chem. Rev. 63 (1963) 373-401.
[61] D. L. Hughes, Progress in the Fischer Indole Reaction. A review, Org. Prep.
Proc. Internat. 25 (1993) 607-632.
[62] W. D. Crow, R. K. Solly, Reactions of Excited Molecules I. A Thermal four-
centre migration in phenylhydrazones, Aust. J. Chem. 19 (1966) 2119-2126.
[63] Den-Itsu Shiho, S. Tagami, Studies on compounds related to pyrazine. 11.
The reaction of 3-substituted-2-hydrazinoquinoxalines with carbonyl compounds, J. Am.
Chem. Soc. 82 (1960) 4044-4054.
Page 31 of 41
Ac
ce
pte
d M
an
us
cri
pt
31
[64] K. T. Potts, S. W. Schneller, 1, 2, 4- Triazoles. XX. Pyrolytic decomposition
of ketone hydrazones derived from pyrid- 2- ylhydrazine and related bases. Some further
examples of the s-triazolo[4, 3-a]pyrazine and s-triazolo[4, 3-a]quinoxaline series, J.
Heterocycl. Chem. 5 (1968) 485-495.
[65] M. A. Al-Quallaf, H. H. Dib, N. A. Al-Awadi, O. M. E. Eldusouqui,
Arylidenepyridylhydrazines: Synthesis, and kinetics and mechanism of their gas-phase
pyrolysis, J. Anal. Appl. Pyrolysis (2017), (in production; JAAP_2017_768_R2).
[66] Abd El-Aal M. Gaber, O. S. Mohamed, M. M. Aly, Thermal rearrangement
of some benzoin arylsulfonylhydrazone derivatives, J. Anal. Appl. Pyrolysis 73 (2005)
53-57.
[67] Abd El-Aal M. Gaber, K. S. Khairou, Thermolysis and photolysis of N-
benzoylhydrazone derivatives, Monatsh. Chem. 142 (2011) 1021-1027.
[68] N. A. Al-Awadi, M. H. Elnagdi, K. Kaul, S. Ilingovan, O. M. E. El-Dusouqui
Kinetics and mechanism of pyrolysis of sulphonyl hydrazones and oximes. Part 1.
Contribution to reactivity from hydrazone HN-N and oxime O-N bond polarity,
Tetrahedron 54 (1998) 4633-4640.
[69] N. A. Al- Awadi, M. H. Elnagdi, K. Kaul, S. Ilingovan, O. M. E. El-
Dusouqui, Kinetics and mechanism of pyrolysis of sulphonyl hydrazones and oximes.
Part 2. Structural effects and molecular reactivity, N. A. J. Phys. Org. Chem., 12 (1999)
654-658.
[70] D. Felix, C. Wintner, A. Eschenmoser, Fragmentation of ,-epoxyketones
to acetylenic aldehydes and ketones: preparation of 2,3-epoxycyclohexanone and its
fragmentation to 5-hexynal, Org. Synth. Coll. Vol. 6 (1988) 679.
[71] N. Chen, M. Jones, Jr., Homocub-1(9)-ene trapped, J. Phys. Org. Chem 1
(1988) 305-308.
[72] A. Kuhn, D. Miura, H. Tomioka, C. Wentrup, C8H6 Thermal Chemistry. 7-
Methylenecyclohepta-1,3,5-dienyne (heptafulvyne) by flash vacuum thermolysis – matrix
isolation. Chemical activation in the rearrangement of benzocyclobutadiene to
phenylacetylene, Aust. J. Chem. 67 (2014) 1174-1179.
[73] K. A. Jensen, A. Holm, C. Wentrup, J. Møller: Alkyl cyanates VII. Mass
spectra of cyanates, Acta Chem. Scand. 20 (1966) 2107-2122.
[74] C. Wentrup: Alkyl cyanates IX. Addition-elimination reactions of ethyl
cyanate, Acta Chem. Scand. 20 (1966) 2128-2130.
[75] A. R. Katritzky, P. Molina-Buendia, Heterocycles in organic synthesis. Part
23. 1-Amino-4,6-diphenyl-2-pyridone: a new reagent for the conversion of aldehydes into
nitriles, J. Chem. Soc., Perkin Trans. 1 (1979) 1957-1960.
[76] C. Plüg, H. Kanaani, C. Wentrup, Ketenes from N-(2-Pyridyl)amides, Aust.
J. Chem. 68 (2015) 687-692.
[77] N. A. Al-Awadi, M. H. Elnagdi, T. Mathew, I. El-Gamry, M. Abdel Khalik,
Pyrolysis of aminonitriles, cyanohydrazones and cyanoacetamides. Part 1. Elimination
reaction of 1-arylmethyleneamino-1,2-dihydro-4,6-dimethyl-2-oxopyridne-3-carbonitriles
and substituted benzaldehyde cyanoacetylhydrazones, Int. J. Chem. Kinet. 28 (1996) 741-
748.
[78] A. Al-Etaibi, M. Abdallah, N. Al-Awadi, Y. Ibrahim, M. Hasan,
Regioselective synthesis of 1,2,4-triazin-5-one via gas-phase pyrolysis of 4-
arylidenimino-3(2H)- thioxo-1,2,4-triazin-5(4H)-one. Kinetic and mechanistic study, J.
Page 32 of 41
Ac
ce
pte
d M
an
us
cri
pt
32
Phys. Org. Chem. 17 (2004) 49–55.
[79] B. J. George, H. H. Dib, M. R. Abdallah, M. R. Ibrahim, N. S. Khalil, Y. A.
Ibrahim, N. A. Al-Awadi, Comparative studies for selective deprotection of the N-
arylideneamino moiety from heterocyclic amides: kinetic and theoretical studies,
Tetrahedron 62 (2006) 1182–1192.
[80] N. Al-Awadi, Y. Ibrahim, K. Kaul, H. Dib, Gas-phase elimination reactions
of 4-arylideneimino-1,2,4- triazol-3 2H)-ones and their 3 2H)-thione analogues, J. Phys.
Org. Chem. 14 (2001) 521–525.
[81] N. A. Al-Awadi, M. H. Elnagdi, T. Mathew, M. Abdel Khalik, Pyrolysis of
aminonitriles, cyanohydrazones and cyanoacetamides. Part 2. Elimination reaction of
arylacetylhydrazone, arylcyanoacetylhydrazone and substituted cyanoacetamides, Int. J.
Chem. Kinet. 28 (1996) 749-754.
[82] N. A. Al-Awadi, Y. A. Ibrahim, M. Patel, B. J. George, A. M. Al-Etiabi,
Comparative studies on the pyrolysis of N-arylideneaminoamides: Kinetic and
mechanistic studies, Int. J. Chem. Kinet. 38 (2006) 59-66.
[83] Y. A. Ibrahim, K. Kaul, N. A. Al-Awadi, Flash vacuum pyrolysis of 3-oxo-2-
arylhydrazonopropanals and related derivatives, Tetrahedron, 57 (2001) 10171-10176.
[84] A. Kumar, N. A. Al-Awadi, M. H. Elnagdi, Y. A. Ibrahim, K. Kaul, Gas-
phase pyrolysis in organic synthesis. Part 3: Novel cyclization of 2-
arylhydrazonopropanals into cinnolines, Int. J. Chem. Kinet. 33 (2001) 402-406.
[85] H. H. Dib, N. A. Al-Awadi, Y. A. Ibrahim, O. M. E. El-Dusouqui, Gas-phase
thermolysis of benzotriazole derivatives. Part 2: Synthesis of Benzimidazo[1,2-
b]cinnolines, a Novel Heterocyclic Ring System, by Pyrolysis of Benzotriazole
Derivatives. Kinetic and Mechanistic Study, Tetrahedron 59 (2003) 9455-9464.
[86] H. Al-Awadi, , M. R. Ibrahim, N. A. Al-Awadi, Y. A. Ibrahim, Gas-phase
Thermolysis of Benzotriazole Derivatives. Part 4. Pyrolysis of 1-Acylbenzotriazole
Phenylhydrazones. Interesting Direct Routes Towards N-Aminobenzimidazoles, J.
Heterocycl. Chem. 45 (2008) 723-728.
[87] M. R. Ibrahim, T. F. Al-Azemi, A. Al-Etabi, O. M.E. El-Dusouqui, N. A. Al-
Awadi, Gas-phase pyrolysis of benzimidazole derivatives: novel route to condensed
heterocycles, Tetrahedron 66 (2010) 4243–4250.
[88] J. H. Boyer, L. R. Morgan, Jr., Pyrolysis of pyruvic acid hydrazones, J. Am.
Chem. Soc. 80 (1958) 3012-3015.
[89] H. A. A. Yosef, Preparation, thermolysis, and photolysis of some new
thiophosphoramidates derived from 3-methyl-2-benzothiazolinone hydrazone,
Phosophorus, Sulfur Silicon 185 (2010) 890-897.
[90] W. Reichen, C. Wentrup, Carbenic behaviour of isocyanoamines generated
by flash pyrolysis of 4-arylhydrazono-isoxazol-5-ones. Rearrangement to cyanamides
and indazoles. Helv. Chim. Acta 59 (1976) 2618-2620.
[91] C. Wentrup, H.-W. Winter, Isocyanoamines, R-NH-NC, J. Org. Chem. 46
(1981) 1045-1046.
[92] H. Briehl, A. Lukosch, C. Wentrup, Reactive nitrogenous molecules from
Meldrum's acid derivatives, pyrrol-2,3-diones, and isoxazolones, J. Org. Chem. 49 (1984)
2772-2779.
[93] H. S. Rzepa and C. Wentrup, Mechanistic diversity in thermal fragmentation
reactions: a computational exploration, J. Org. Chem. 78 (2013) 7565−7574.
Page 33 of 41
Ac
ce
pte
d M
an
us
cri
pt
33
[94] C. Wentrup, J. J. Finnerty, R. Koch, Cumulene rearrangements, Curr. Org.
Chem. 14 (2010) 1586-1599.
[95] Andrew R. Dixon, Tian Xue, and Andrei Sanov, Spectroscopy of
ethylenedione, Angew. Chem. Int. Ed. 54 (2015) 8764-8767.
[96] D. Schulz, Versuche zur Herstellung von organischen Fulminaten und
Isocyanamid, Diploma Thesis, University of Marburg, Marburg, Germany, 1983.
[97] E. Schafer, M. Winnewisser, J. J. Christiansen, Millimeter-wave spectrum of
isocyanamide, H2N-NC, Chem. Phys. Lett. 81 (1981) 380-386.
[98] D. Laqua, Untersuchungen thermischer Reaktionen phosphor- und
siliciumhaltiger Isoxazolonderivate, Inaugural-Dissertation, University of Marburg,
Marburg, Germany, 1983.
[99] E. E. Galenko, A. F. Khlebnikov, M. S. Novikov, Isoxazole-azirine
isomerization as a reactivity switch in the synthesis of heterocycles, Chem. Heterocycl.
Compd. 52 (2016) 637–650 (Khim. Geterotsikl. Soedin. 52 (2016) 637-650). DOI
10.1007/s10593-016-1944-1.
[100] H. S. Rzepa, C. Wentrup: Mechanistic diversity in thermal fragmentation
reactions: a computational exploration, J. Org. Chem. 78 (2013) 7565-7574.
[101] R. Wolf, S. Stadtmüller, M.W. Wong, R. Flammang, M. Barbieux-
Flammang and C. Wentrup: Novel Heterocumulenes: Bisiminopropadienes and Linear
Ketenimines, Chem. Eur. J. 2 (1996) 1318-1329.
[102] G. Seitz, R. Matusch, K. Mann, Polycarbonyl compounds. 22.
Tetrahydrazono- cyclobutanes, Chemiker-Zeitung 101 (1977) 557-558.
[103] C. Wentrup, J. J. Finnerty and R. Koch: Amino-, alkoxy-, and alkylthio-
isocyanates and isothiocyanates, RX-NCY, and their isomers and rearrangements, Curr.
Org. Chem. 15 (2011)1745-1759.
[104] T. Pasinzki, M. Krebs, G. Tarczay, C. Wentrup, Photolysis of
dimethylcarbamoyl azide in argon matrix: Spectroscopic identification of dimethylamino
isocyanate and 1,1-dimethyl diazene, J. Org. Chem. 78 (2013) 11985-11991.
[105] J. H. Teles, G. Maier, Methoxy- and aminoisocyanate, Chem. Ber. 122
(1989) 745−748.
[106] W. Reichen, Oxygen-, nitrogen-, and sulfur-substituted heteroallenes,
Chem. Rev. 78 (1978) 569-588.
[107] W. Reichen, Thermolyse von carbamoylaziden I. Hochvacuumthermolyse
von dialkylcarbamoylaziden, Helv. Chim. Acta. 59 (1976) 2601-2609.
[108] R. Stollé, H. Nieland, M. Merkle, Curtius-Umlagerungvon
Carbamoylaziden. Bildung von Indazolonen. J. Prakt. Chem. 116 (1927) 192-204.
[109] R. Stollé, H. Nieland, M. Merkle, Curtius-Umlagerungvon
Carbamoylaziden. Bildung von Indazolonen. J. Prakt. Chem. 117 (1927) 185-210.
[110] H. Li, H. Wan, Z. Wu, D. Li, D. Bégué, C. Wentrup, X. Q. Zeng, Direct
observation of carbamoylnitrenes. Chem. Eur. J. 22 (2016) 7856-7862.
[111] R. Koch, J. J. Finnerty, Murali Sukumaran, C. Wentrup, [3,3]-Sigmatropic
shifts and retro-ene rearrangements in cyanates, isocyanates, thiocyanates, and
isothiocyanates of the Form RX-YCN and RX-NCY. J. Org. Chem. 77 (2012) 1749-
1759.
[112] O. Diels, Darstellung und neue Reaktionen der Hydrazin-
monocarbonsäureester, Ber. Dtsch. Chem. Ges. 47 (1914) 2185-2195.
Page 34 of 41
Ac
ce
pte
d M
an
us
cri
pt
34
[113] O. Diels, H. Grube, Über Struktur und Eigenschaften der bei der
thermischen Zersetzung des Benzalhydrazin-carbonsäure-guajacylesters entstehenden
Verbindung, Ber. Dtsch. Chem. Ges. 53 (1920) 854-863.
[114] K. Ramakrishnan, J. B. Fulton, J. Warkentin, Mechanism of thermolysis of
2-hydrazono-3-1,3,4-oxadiazolines to diazetidinium hydroxide inner salts. Evidence for
an 1-isocyanatoimine intermediate and its novel reaction with phenylisocyanate.
Tetrahedron 32 (1976) 2685-2688.
[115] A. A. Paletsky, N. V. Budachev, O. P. Korobeinichev, Mechanism and
kinetics of the thermal decomposition of 5-aminotetrazole, Kinet. Catal. 50 (2009) 627-
635 (Kinet. Katal. 50 (2009) 653-662).
[116] R. M. Pinto, A. A. Dias, M. L. Costa, Electronic structure and thermal
decomposition of 5-aminotetrazole studied by UV photoelectron spectroscopy and
theoretical calculations, Chem. Phys. 381 (2011) 49-58.
[117] H. Fujihisa, K. Honda, S. Obata, H. Yamawaki, S. Takeya, Y. Gotoh, T.
Matsunaga, Crystal structure of anhydrous 5-aminotetrazole and its high-pressure
behavior, CrystEngComm. 13 (2011) 99-102.
[118] C. M. Nunes, I. Reva, M. T. S. Rosado, R. Fausto, The quest for carbenic
nitrile imines: Experimental and computational characterization of C-amino nitrile imine,
Eur. J. Org. Chem. (2015) 7484-7493.
[119] E. G. Basakir, D. N. Platonov, Y. V. Tomilov, O. M. Nefedov, Infrared-
spectroscopic study of amino-substituted nitrilimines and their photochemical
transformations in an argon matrix, Mendeleev Commun. 24 (2014) 197-200.
[120] W. S. Wadsworth, Jr., W. D. Emmons, Phosphoramidate anions. The
preparation of carbodiimides, ketenimines, isocyanates, and isothiocyanates. J. Org.
Chem. 29 (1964) 2816-2820.
[121] A. Pinner, Einwirkung von Harnstoff auf Hydrazine, Ber. Dtsch. Chem.
Ges. 21 (1888) 2329-2331.
[122] E. J. Poth, J. R. Bailey, The behavior of semicarbazides at elevated
temperatures, J. Am. Chem. Soc. 45 (1923) 3008–3012.
[123] J. A. Lenoir, L. D. Colebrook, D. F. Williams, Hydrazine derivatives. I.
Transcarbamylation reaction, Can. J. Chem. 50 (1972) 2661-2666.
[124] G. Heller, Einwirkung von Kohlenoxysulfid, Phosgen und
Chlorkohlensäureester auf Phenylhydrazin, Justus Liebigs Ann. Chem. 263 (1891) 269-
283.
[125] S. N. Shah, N. K. Chudgar, Thermolysis of Semicarbazones to the
Corresponding Azines Through Reactive N-Substituted Isocyanate Intermediates,
Molecules 5 (2000) 657-664.
[126] G. Chattopadhyay, P. S. Ray, Facile method for the conversion of
semicarbazones/ thiosemicarbazones into azines (under microwave irradiation) and
oxadiazoles (by grinding), Synth. Commun. 41 (2011) 2607–2614.
[127] A. A. Atalla, A. M. Kamal El-Dean and A. M. Gaber, Molecular
rearrangement of sulphur compounds part (VIII). Pyrolysis of arylthiosemicarbazide
derivatives, Phosphorus Sulfur Silicon 117 (1996) 205-212.
[128] C. Th. Pedersen, F. Jensen, R. Flammang, Alkoxy isothiocyanates as
intermediates in the flash vacuum pyrolysis of alkoxythioureas, Aust. J. Chem. 62 (2009)
69-74.
Page 35 of 41
Ac
ce
pte
d M
an
us
cri
pt
35
[129] L. Floch, Š. Košik, M. Košik, Study of the thermal properties of 1, 4-
disubstituted thiosemicarbazides, J. Therm. Anal. 37 (1991) 2377-2382.
[130] M. Veverka, M. Marchalin, Addition-cyclization reactions of ethyl
isothiocyanatoacetate with carboxylic acid hydrazides, Collect. Czech. Chem. Commun.
52 (1987) 113-119.
[131] R.Stollé, Ueber die Acetylderivate des Hydrazins, Ber. Dtsch. Chem. Ges.
32 (1899) 796.
[132] R. Stollé, Ueber die Ueberfuhrung von sekundäre Säure-hydraziden in
Derivate des Furodiazols, Pyrrodiazols und Thiodiazols, Ber. Dtsch. Chem. Ges. 32
(1899) 797-798.
[133] K.M. Aitken, R.A. Aitken, Improved synthesis and characterisation of
1,3,4-oxadiazole, Arkivoc v (2012) 75-79.
[134] R. Huisgen, J. Sauer, H.-J. Sturm, J. H. Markgraf, Ring opening of azoles.
II. The formation of 1,3,4-oxadiazoles in the acylation of 5-substituted tetrazoles. Chem.
Ber. 93 (1960) 2106-2124.
[135] N. A. Al-Awadi and M. Z. Elsabee, Pyrolysis of N-acryloyl, N’-
cyanoacetohydrazide and its polymer, Polym. Degrad. Stab. 50 (1995) 319-322.
[136] M. V. De Almeida, D. H. R. Barton, I. Bytheway, J. A. Ferreira, M. B. Hall,
W. Liu, D. K. Taylor, L. Thomson, Preparation and thermal decomposition of N,N'-
diacyl-N,N'-dialkoxyhydrazines: Synthetic applications and mechanistic insights, J. Am.
Chem. Soc. 117 (1995) 4870-4874.
[137] J. M. Buccigross, S. A. Glover, G. P. Hammond, Decomposition of N,N’-
diacyl-N,N’-dialkoxyhydrazines revisited, Aust. J. Chem. 48 (1995) 353-361.
[138] S. A. Glover, Development of the HERON reaction: a historical account,
Aust. J. Chem. 70 (2017) DOI 10.1071/CH16683.
[139] S. A. Glover, A. A. Rosser, A. A. Taherpour, B. W. Greatrex, Formation
and HERON reactivity of cyclic N,N-dialkoxyamides, Aust. J. Chem. 67 (2014) 507-520.
[140] W. T. Smith, C. F. Mayer, C. S. Kook, J. M. Patterson, Controlled pyrolysis
of maleic hydrzide, J. Appl. Chem. Biotechnol. 27 (1977) 611-617.
[141] D. Bégué, A. Dargelos, H. M. Berstermann, K. P. Netsch, P. Bednarek, C.
Wentrup, Nitrile imines and nitrile ylides: rearrangements of benzonitrile N-methylimine
and benzonitrile dimethylmethylide to azabutadienes, carbodiimides and ketenimines.
Chemical activation in thermolysis of azirenes, tetrazoles, oxazolones, isoxazolones, and
oxadiazolones, J. Org. Chem. 79 (2014) 1247-1253.
[142] W. J. McKillip, E. A. Sedor, B. M. Culbertson, S. Wawsonek, The
Chemistry of Aminimides, Chem. Rev. 73 (1973) 255-281.
[143] W. J. McKillip, L. M. Clemens, R. Haugland, Aminimides. I. A general
synthesis of aminimides from acyl hydrazides and heir pyrolysis, Can. J. Chem. 45
(1967) 2613-2617.
[144] S. Wawzonek, R. C. Gueldner, The rearrangement of 1-methyl-1-
acetylimide-2-phenylpyrrolidine, J. Org. Chem. 30 (1965) 3031-3033.
[145] W. S. Wadsworth, Jr., Cyclic aminimides, J. Org. Chem. 31 (1966) 1704-
1707.
[146] M. S. Gibson, A. W. Murry, The thermolysis of trimethylamine-benzimide;
a new rearrangement of the Curtius-Hofmann type, J. Chem. Soc. (1965) 880-882.
[147] D. G. Neilson, R. Roger, J. W. M. Heatlie, L. R. Newlands, The chemistry
Page 36 of 41
Ac
ce
pte
d M
an
us
cri
pt
36
of amidrazones, Chem. Rev. 70 (1970) 151-170.
[148] W. R. Banks, T. J. Tewson, G. A. Digenis, Radiosynthesis of a 11C-labelled
benzodiazepine receptor agonist: 1-[11C]Alprazolam, Appl. Radiat. Isot. 41(1990) 719-
725.
[149] K. T. Potts, The chemistry of 1,2,4-triazoles, Chem. Rev. 61 (1961) 87-127.
[150] R. Rätz, H. Schroeder, Products from reaction of hydrazine and
thionooxamic acid and their conversion into heterocyclic compounds, J. Org. Chem. 23
(1958) 1931-1934.
[151] R. F. Smith, R. R. Soelch, T. P. Feltz, M. J. Martinelli and S. M. Geer,
Amidrazones. VII. Formation of s- triazines by thermolysis of N1- benzyl- substituted
amidrazone ylides. J. Heterocycl. Chem. 18 (1981) 319-325.
[152] R. F. Smith, K.J. Coffman, S.M. Geer, Amidrazones. 8. Synthesis of 1, 2,
4- oxadiazoles by thermolysis of N3- acylamidrazone ylides. J. Heterocycl. Chem. 20
(1983) 69-71.
[153] R. F. Smith, T. P. Feltz, Amidrazones. 6. Synthesis of 1, 2, 4- thiadiazoles
by thermolysis of N3- thiocarbamoylamidrazone ylides, J. Heterocycl. Chem. 18 (1981)
319-325.
[154] M. Förstel, P. Maksyutenko, B. M. Jones, B.-J. Sun, S.-H. Chen, A. H. H.
Chang, R. I. Kaiser, Detection of the elusive triazane molecule (N3H5) in the gas phase,
ChemPhysChem 16 (2015) 3139-3142.
[155] M. Förstel, Y, A. Tsegaw, P. Maksyutenko, A. M. Mebel, W. Sander, R. I.
Kaiser, On the formation of N3H3 isomers in irradiated ammonia bearing ices: Triazene
(H2NNNH) or triimide (HNHNNH), ChemPhysChem 17 (2016) 2726-2735.
[156] O. Dimroth, Phenyltriazane (diazobenzeneamide), Ber. Dtsch. Chem. Ges.
40 (1907) 2376-2389.
[157] K. Albert, K. M. Dangel, A. Rieker, H. Iwamura, Y. Imahashi, CIDNP
investigation of aminyl radicals formed by thermolysis of triazenes, Bull. Chem. Soc.
Japan 49 (1976) 2537-2546.
[158] A. V. Dushkin, I. M. Sycheva, T. V. Leshina, R. Z. Sagdeev, A. I.
Rezvukhin, Chemical polarization of nuclei in reactions of azo compounds. 1. Hydrogen-
1 and carbon-13 chemical polarization of nuclei in the thermolysis of triazenes in strong
magnetic fields, Izvest. Akad. Nauk SSSR, Ser. Khim. (1977) 553-558.
[159] M. Juillard, G. Verenin, J. Metzger, Synthèse de N-Alkyl-arylamines par
thermolyse ou photolyse d’alkyl-3-diaryl-1,3-triazènes, Helv. Chim. Acta 63 (1980) 467-
472.
[160] G. Vernin, C. Siv, J. Metzger, M. Chanon, A. Archavlis, Proton-CIDNP
investigation of heteroarylaminyl radicals formed by thermolysis of 1-heteroaryl-3-aryl-
triazenes, Nouv. J. Chim. 2 (1978) 625-529.
[161] H. C. Rasperger, J. A. Leermakers, The thermal decomposition of
dimethyltriazene. A homogeneous unimolecular reaction, J. Am. Chem. Soc. 53 (1931)
2061-2071.
[162] B. A. Dolgoplosk, P. G. Ugryumov, V. A. Krol, Reactions of free radicals
in solutions. Thermal stability of aminoazo compounds of the aliphatic and aromatic
series, Dokl. Akad. Nauk SSSR 96 (1954) 757-60.
[163] T. Lippert, A. Wokaun, J. Dauth, O. Nuyken, NMR studies of hindered
rotation and thermal decomposition of novel 1- aryl- 3, 3- dialkyltriazenes, Magn. Res.
Page 37 of 41
Ac
ce
pte
d M
an
us
cri
pt
37
Chem. 30 (1992) 1178-85.
[164] G. Vernin, J. Metzger, A convenient general synthesis of 3-alkyl-1,3-
diaryltriazines from 1,3-diaryltriazines using phase-transfer catalysis, Synthesis (1978)
921-924.
[165] A. M. N. El-Din, S. K. Mohamed, D. Döpp, A. Golloch, G. Steude,
Pyrolysis of N1, N3-diaryltriazene 1-oxides, J. Chem. Res. (S) (1998) 406-407.
[166] D. B. Kimball, R. Herges, M. M. Haley, Two unusual, competitive
mechanisms for (2-ethynylphenyl)triazene cyclization: Pseudocoarctate versus pericyclic
reactivity, J. Am. Chem. Soc. 124 (2002) 1572-1573.
[167] B. S. Young, R. Herges, M. M. Haley, Coarctate cyclization reactions: a
primer, Chem. Commun. 48 (2012) 9441-9455.
[168] E. H. El Ashry, S. Nadeem, M. R. Shah, Y. El Kilany, Recent advances in
the Dimroth rearrangement: A valuable tool for the synthesis of heterocycles, Adv.
Heterocycl. Chem. 101 (2010) 161-228.
[169] D. J. Brown, Aminopyrimidines, in The Pyrimidine , The Chemistry of
Heterocyclic Compounds, A. Weissberger, E. C. Taylor, Eds., 2nd edition, Wiley-
Interscience, New York, 52 (1994) 673-678.
[170] K. M. Baines, T. W. Rourke, K. Vaughan, 5-(Arylamino)-1,2,3-triazoles
and 5-amino-l-aryl-l,2,3-triazoles from 3-(cyanomethyl)triazenes, J. Org. Chem. 46
(1981) 856-859.
[171] K. Vaughan, Triazine intermediates in the decomposition of 1-(o-
carbethoxyphenyl)- 3-(o-cyanophenyl)-triazene in aqueous ethanol, Can. J. Chem. 50
(1972) 1775-1775.
[172] H. N. E. Stevens, M. F. G. Stevens, Triazines and related products. Part III.
Synthesis and rearrangement of 3,4-dihydro-4-imino-1,2,3-benzotriazines, J. Chem. Soc.
C (1970) 765-771.
[173] J. J. Weigand, High Energy Density Materials Based on Tetrazole and
Nitramine Compounds – Synthesis, Scale-Up and Testing, Dissertation, Ludwig-
Maximilians-Universität München, Munich, Germany, 2005. https://edoc.ub.uni-
muenchen.de/7357/1/Weigand_Jan.pdf (accessed 1 December 2016).
[174] N. Wiberg, H. Bayer, H. Bachhuber, Isolation of tetrazene, N4H4, Angew.
Chem., Int. Ed. Engl. 14 (1975) 177-178.
[175] B. G. Gowenlock, P. P. Jones , D. R. Snelling, The thermal decomposition
of tetramethyltetrazene and tetraethyltetrazene, Can. J. Chem. 41 (1963) 1911-1918.
[176] R. C. Child, G. Morton, C. Pidacks, A. S. Tomcufcik, Photodecomposition
of 1,4-dialkyl-1,4-diaryl-2-tetrazenes, Nature (1964) 391
[177] W. E. Thun, D. W. Moore, W. R. McMride, Reactions of Tetraalkyl-2-
tetrazenes with Tetranitromethane, J. Org. Chem. 31 (1966) 923-925.
[178] C. J. Michejda, W. P. Hoss, Thermal decomposition of tetramethyl-2-
tetrazene. Reactivity of the dimethylamino radical, J. Am. Chem. Soc. 92 (1970) 6298-
6301.
[179] S. F. Nelsen, R. T. Landis, L. H. Kiehle, T. H. Leung, N-tert-Butylanilino
radicals, J. Am. Chem. Soc. 94 (1972) 1610-1614.
[180] P. Rademacher, P. Heymanns, R. Münzenberg, H. Wöll, Electronic
Structure and Gas-Phase Thermolysis of 2-Tetrazenes with Acyclic or Cyclic Amino
Groups Studied by Photoelectron Spectroscopy, Chem. Ber. 127 (1994) 2073-2079.
Page 38 of 41
Ac
ce
pte
d M
an
us
cri
pt
38
[181] N. Wiberg, H. Bayer, G. Ziegleder, Darstellung und einige Eigenschaften
von Silylderivaten der hyposalpetrigen Säure und ihrer Amide, Z. Anorg. Allg. Chem.
459 (1979) 201-207.
[182] D. J. Whelan, M. R. Fitzgerald, The Kinetics and thermochemistry of the
thermal decomposition of the initiating explosive, Tetrazene, near its ignition temperature
(between 385 K and 400 K), DSTO-TR-0450, Melbourne, Australia 1996,
http://dspace.dsto.defence.gov.au/dspace/handle/1947/4229 (accessed 1 December 2016).
[183] A. Baindl, A. Lang, O. Nuyken, High and low molar mass 3-alkyl-l,4-
pentazadienes. Synthesis and photolysis, Macromol. Chem. Phys. 197 (1996) 4255-4271.
[184] D. Franzke , J. Kritzenberger, E.E. Ortelli, A. Baindl, O. Nuyken, A.
Wokaun, Photolysis and thermolysis of diaryl(pentazadiene) compounds in solid matrix
investigated by infrared spectroscopy, J. Photochem. Photobiol. A: Chemistry 112 (1998)
63-72.
[185] H. Minato, M. Ibata, H. Iwai, Chemisty of polyazanes. IV. Decomposition
of 1,5-di-p-tolyl-1,4-pentazadiene, Kogyo Kagaku Zasshi 69 (1966) 966-969.
[186] H. Minato, M. Oku, The chemistry of polyazanes. I. The decomposition of
1,3,5-tri-p-tolyl-1,4-pentazadiene, Bull. Chem. Soc. Japan 38 (1965) 1529-1533.
[187] F. Zimmermann, T. Lippert, C. Beyer, J. Stebani, O. Nuyken, A. Wokaun,
N=N Vibrational frequencies and fragmentation patterns of substituted 1-aryl-3,3-dialkyl-
triazenes: Comparison with other high-nitrogen compounds, Appl. Spectosc. 47 (1993)
986-993.
[188] N. Yeshchenko, V. Syromyatnikov, Pentazadienes as new photoinitiators in
the development of new materials, Mol. Cryst. Liq. Cryst. 427 (2005) 169-179,
[189] O. O. Novikova , V. G. Syromyatnikov , L. F. Avramenko, N. P.
Kondratenko, T. M. Kolisnichenko, M. J. M. Abadie, Photoinitiation ability of some
pentaaza-1,4-dienes, Materials Science (Wroclaw) 20 (2002) 19-28.
[190] D. Mackay, D. D. McIntyre, Aryl radicals from hexazadienes and
tetrazenes, CaChem. 60 (1982) 990-999.
[191] S. F. Gait, M. E. Peek, C. W. Rees, R. S. Storr, Benzo[c]cinnoline N-
imides, J. Chem. Soc., Perkin Trans. 1 (1975) 19-25.
[192] J. J. Barr, R. C. Storr, Formation and thermal transformations of extended
polar Imidoyl-azimines, J. Chem. Soc., Perkin Trans. 1 (1979) 185-191.
[193] C. Leuenberger, M. Karpf, L. Hoesch, A. S. Dreiding, Azimine. II.
Synthese und thermische Fragmentierung von cis- und trans-2,3-Diphenyl-1-phthalimido-
2,3-di[15N]-azimin, Helv. Chim. Acta 60 (1977) 831-842.
[194] L. Hoesch, Azimine IV. Kinetik und Mechanismus der thermischen
Stereoisomerisierung von 2,3-Diaryl-1-phthalimido-aziminen, Helv. Chim. Acta 64
(1981) 38-48.
[195] T. Mosandl, C. Wentrup Characterization of the bisketene photoisomer of
benzocyclo- butenedione, J. Org. Chem. 58 (1993) 747-749.
[196] A. D. Allen, J. Godoy, N. Fu, M. Nagy, S. Spadaro, T. T. Tidwell, S.
Vukovic, Spiro-aziridine and bislactam formation from bisketene-imine cycloadditions, J.
Am. Chem. Soc. 130 (2008) 2386-2387.
[197] M. A. Kuznetsov, L. M. Kuznetsova, J. G. Schantl, Azimines, azo-
aziridines, 1,2,3-triazoles. Products obtained from the oxidation of N-aminophthalimide
in the presence of azo-alkenes. Electronic Conference on Heterocyclic Chemistry, 24
Page 39 of 41
Ac
ce
pte
d M
an
us
cri
pt
39
June-22 July 1996, Article 103, pp 1-4,
https://www.ch.ic.ac.uk/ectoc/echet96/papers/103/ (accessed 1 December 2016).
[198] G. Seybold, U. Jersak. R. Gompper,
Tris(dimethylamino)azacyclobutadiene, Angew. Chem. Int. Ed. Engl. 85 (1973) 847-848.
[199] H.-U. Wagner, The structure of triaminoazacyclobutadiene, Angew. Chem.
Int. Ed. Engl. 85 (1973) 848-850.
[200] B.M. Adger, C.W. Rees, R.C. Storr, Benzazetes (1-azabenzocyclobutenes),
J. Chem. Soc., Perkin Trans.1 (1975) 45-52.
[201] B.M. Adger, S. Bradbury, M. Keating, C.W. Rees, R.C. Storr, and M.T.
Williams, 1,2,3-Benzotriazines, J. Chem. Soc., Perkin Trans. 1 (1975) 31-40.
[202] N. H. Werstiuk, C. D. Roy, J. Ma, A study of the vacuum pyrolysis of I,2,3-
benzotriazines. The Hel ultraviolet photoelectron spectra of benzazete and o-benzyne,
Can. J. Chem. 73 (1995) 146-149.
[203] A. Chrostowska, G. Pfister-Guillouzo, F. Gracian, C. Wentrup, Pitfalls in
the photoelectron spectroscopic investigations of benzyne. Photoelectron spectrum of
benzyne and cyclopentadienylideneketene, Aust. J. Chem. 63 (2010) 1084-1090.
[204] C. Wentrup, The Benzyne Story. Aust. J. Chem. 63 (2010) 979-986.
[205] N. Bashir and T. L. Gilchrist, Formation of fused azetinones by photolysis
and pyrolysis of triazinones. N-Aminonaphth[2,3-b]azet-2(1H)-one and N-1-
adamantylbenzazet-2-(1H)-one, J. Chem. Soc., Perkin Trans. 1 (1973) 868-872.
[206] C. O. Kappe, G. Kollenz, K.-P. Netsch, R. Leung-Toung, C. Wentrup, C.
Imidoylketene-azetin-2-one-oxoketenimine rearrangement. J. Chem. Soc., Chem.
Commun. (1992) 488. 
[207] B. M. Adger, C. W. Rees, R. C. Storr, Benzazetes (1-
azabenzocyclobutenes), J. Chem. Soc., Perkin Trans. 1 (1975) 45-52. 
[208] T. L. Gilchrist, G. E. Gymer and C. W. Rees, Fragmentation of 3,6-
diphenyl-4,5-dehydropyridazine to diphenylbutadiyne, J. Chem. Soc., Chem. Commun.
(1973) 819-820.
[209] H. Al-Awadi, M.R. Ibrahim, H.H. Dib, N. A. Al-Awadi, and Y. A. Ibrahim,
Gas-phase thermolysis of 1-acylnaphtho[1,8-de][1,2,3]triazines. Interesting direct routes
towards condensed naphtho[1,8-de]heterocyclic ring systems, Tetrahedron 61 (2005)
10507-10513.
[210] H. Al-Awadi, M. R. Ibrahim, N. A. Al-Awadi, Y. A. Ibrahim, Gas-phase
Thermolysis of 1,2,3-triazole and 1,2,3-triazine derivatives, J. Chem. Chem. Eng. 4
(2010) 34-40.
Scheme 1. Formation and reactions of aminyls.
Scheme 2. Decomposition of hydrazoisobutyric acid.
Scheme 3. Thermolysis of sulfonylhydrazines.
Scheme 4. Diaziridine – azomethine imine (inter)conversions.
Scheme 5. Pyridine and dihydroisoquinoline N-imines.
Scheme 6. Triphenylpyridine N-imine pyrolysis
Scheme 7. Diaziridinone decompositions.
Scheme 8. Tetrafluorodiazetidine pyrolysis.
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Scheme 9. Flash vacuum pyrolyses of N-Aminoheterocycles.
Scheme 10. Hydrazonoylketenes by FVP of pyrrolediones and methyl
hydrazonomalonate.
Scheme 11. Pyrazolylamino- and hydrazonyl-methyleneketenes by FVP of Meldrum’s
acid derivatives.
Scheme 12. FVP of cyclopentanone azine.
Scheme 13. Thermal Fischer indole syntheses.
Scheme 14. Pyrolysis of arylhydrazones.
Scheme 15. Formation and rearrangement of iminyls.
Scheme 16. Triazoloquinoxaline and triazolopyridines from hydrazones.
Scheme 17. Products of pyrolysis of hydrazones.
Scheme 18. Bamford-Stevens reaction (M = Li, Na, etc)
Scheme 19. FVP of Eschenmoser hydrazones.
Scheme 20. Pyrolysis of N-amino-2-pyridones in the liquid state.
Scheme 21. Nitrile formation from N-imino-2-pyridones.
Scheme 22. Nitrile elimination from 4-amino-3-thioxo-1,2,4-triazin-5-ones.
Scheme 23. Pyrolysis of N-cyanoacetylhydrazones.
Scheme 24. Pyrolysis of arylhydrazones via cyclic transition states.
Scheme 25. Pyrolytic eliminations from phenyldrazones.
Scheme 26. Pyrolytic formation of benzimidazo[1,2-b]cinnolines.
Scheme 27. Products of FVP of phenylhydrazones of 1-acylbenzotriazoles.
Scheme 28. Fragmentation of N-(2-benzimidoyl)arylhydrazones under FVP conditions.
Scheme 29. Thermal decomposition of the phenylhydrazone of pyruvic acid.
Scheme 30. Formation, cyclization and rearrangement of N-isocyanoamines by FVP of
isoxazolone and Meldrum’s acid derivatives.
Scheme 31. Isocyanoamine by FVP of the semicarbazone of 3-methylisoxazole-4,5-
dione.
Scheme 32. FVP of the semicarbazone of 3-phenylisoxazole-4,5-dione.
Scheme 33. Formation of ketenimines, azirines, and 1,3-diiminopropadienes from
isoxazolones.
Scheme 34. Isocyanoamine by FVP of tetrahydrazonocyclobutane.
Scheme 35. Formation by FVP, dimerization and cyclization of aminoisocyanates.
Scheme 36. Computed activation energies for six-center retro-ene eliminations of HXCN
and four-center eliminations of HNCX from aminoiso(thio)cyanates.
Scheme 37. Dimerization to 128, [3,3]-sigmatropic shifts to aryl cyanates 129 and 1,3-
sigmatropic shifts to aryl isocyanates 130 in aminoisocyanates.
Scheme 38. N-Aminocarbodiimide formation.
Scheme 39. Thermolysis of 1-phenylsemicarbazide and N-phenylcarbazates.
Scheme 40. Thermolysis of thiosemicarbazides.
Scheme 41. Pyrolysis of hydrazides.
Scheme 42. Dicyldialkoxyhydrazine – aminonitrene reaction.
Scheme 43. HERON reaction.
Scheme 44. Aminimide reactions.
Scheme 45. Isocyanates from aminimides.
Scheme 46. 1,3,4-Triazoles from amidrazones.
Scheme 47. 4-Amino-1,2,4-triazoles by pyrolysis of amidrazones.
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Scheme 48. Thermolysis of amidrazone imides.
Scheme 49. Radical pairs detected by CIDNP in thermolysis of 1,3-diaryltriazenes.
Scheme 50. Radical pairs detected by CIDNP in thermolysis of aryl(isoxazolyl)triazenes.
Scheme 51. Coarctate and pericyclic reactions of a triazene.
Scheme 52. Cyclization of a triazene followed by Dimroth rearrangement.
Scheme 53. Rearrangement of o-substituted 1-aryltriazenes to triazines.
Scheme 54. Homolysis of 2-tetrazenes.
Scheme 55. 1,3-Bis(trimethylsilyl)-tetrazene, N-(trimethylsilyloxy)triazene and N,N’-
bis(trimethylsilyloxy)diazene.
Scheme 56. Homolysis of diarylpentazadiene.
Scheme 57. Homolysis and reactions of hexazadienes.
Scheme 58. Thermolysis of azimines (azo imides)
Scheme 59. Formation and rearrangement of an azimine 205 derived from
phthalimidoylnitrene.
Scheme 60. Benzazete and benzyne by FVP of benzo[d][1,2,3]triazines.
Scheme 61. Naphthazete and benzazetone by FVP of triazines (Ad = adamantyl).
Scheme 62. FVP reactions of triazine derivatives.
Scheme 63. FVP reactions of pyridazino[4,5-d]triazine.
Scheme 64. FVP of naphtho[1,8-de]triazine derivatives.
Fig. 1. Structure of “Tetrazene” (Teracene)
